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Fermionic Entanglement Theory and the Black Hole/Qubit
Correspondence

by Gébor SAROSI

In the first part of this thesis we study the classification and quantifica-
tion of quantum entanglement between fermionic particles. We reformulate
the classification problem under stochastic local operations and classical
communications (SLOCC) in the language of Clifford algebras and show
that when extended with Bogoliubov transformations the SLOCC group
turns into the so called even Clifford group. This allows us to reinter-
pret several results in the mathematical literature on the classification of
spinors as the solutions to the entanglement classification problem for cer-
tain fermionic systems. We discuss how to describe distinguishable systems
via embedding them into fermionic ones with particular emphasis put on
three and four qubits and three qutrits.

In the second part of this thesis we study classical black hole solutions
of ungauged N' = 2 supergravity in four dimensions. These black holes
are connected to simple entangled qubit and fermion systems via the black
hole/qubit correspondence. Extending results on extremal black holes, we
show that nonextremal STU black holes correspond to a particular semisim-
ple SLOCC orbit of four qubits. The dictionary between fermionic systems
and black holes allows us to write down a new formula for the entropy of
general nonextremal STU black holes in terms of U-duality invariants of the
asymptotic charges.
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Kivonat

Az értekezés els6 felében a fermionikus részecskék kozotti kvantum
Osszefonddés klasszifikalasanak és kvantifikdldsanak lehet6ségeit tanulma-
nyozzuk. A sztochasztikus lokalis operdciékon és klasszikus kommunika-
cién (SLOCC) alapul6 dsszefonddottsagi klasszifikacios problémat tjrafo-
galmazzuk a Clifford algebrdk nyelvén és megmutatjuk, hogy ha az in-
vertdlhat6 SLOCC protokollokat kombinéljuk Bogoliubov transzformaci-
6kkal, akkor az tigynevezett paros Clifford csoportot kapjuk. Ez lehetSséget
teremt, hogy a matematikai irodalom spinorok klasszifikaci6jara vonatkozé
eredményeit Gjraértelmezziik, mint bizonyos fermionikus rendszerek 6ssze-
fonédottsagi klasszifikdcios problémadainak megolddsait. Bemutatjuk hogyan
lehet megkiilonboztethetd rendszerekben az 6sszefonddottsagot targyalni a
fermionikus rendszerekbe val6 bedgyazas segitségével, kiilonos hangsulyt
fektetve a harom és négy qubit, illetve a hdrom qutrit rendszerekre.

A dolgozat masodik felében a négy dimenziés N' = 2 szupergravita-
ci6 klasszikus fekete lyuk megoldésait vizsgéljuk. Ezeket a fekete lyukakat
a fekete lyuk/qubit megfelelés koti 0ssze egyszer(i osszefonddott rendsz-
erekkel. Az extremdlis fekete lyukakra vonatkozé megfeleléseket kiegészit-
jik azzal a megfigyeléssel, hogy az &ltaldnos nem extremadlis fekete lyuk
toltéseinek megfelel6 négy qubit allapot mindig egy bizonyos félegyszerti
négy qubit SLOCC osztalyban taldlhaté. A fekete lyuk toltések fermionos
lefrasanak segitségével Gj formuldt adunk az dltalanos nem extremalis fekete
lyuk entrépiajara, mely az asszimptotikus toltések U-dualitds invarians fiig-
gvénye.
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Chapter 1

Introduction and conclusion

Black holes are interesting and important objects. They have been discov-
ered as classical solutions of Einstein’s general relativity and they were
quickly recognized to possess regions with a curvature singularity, where
general relativity is not meaningful. This, however, does not prevent them
from being physical. Today, it is widely accepted that black holes can form
in nature from certain collapsing stars.

An important feature of classical black hole solutions that they satisfy
thermodynamic laws such as the first law [6, 7]. As such, they have an
entropy (proportional to the area of their horizon) and a temperature (pro-
portional to their surface gravity). The fact that they have a temperature
suggests that they radiate which is indeed possible via quantum tunnel-
ing [8]. Semiclassical considerations predict that, via this radiation, a black
hole evaporates into a perfectly thermal gas of Hawking radiation, which
implies a loss of unitarity at the semiclassical level [9]. This result is known
as the black hole information paradox. It shows that a complete description
of the physics of black holes requires a theory of quantum gravity.

The fact that black holes have an entropy suggests that there should be
many microstates in this putative theory of quantum gravity correspond-
ing to the same classical black hole. While we do not yet understand mi-
crostates of realistic astrophysical black holes, a huge triumph of string the-
ory, as a particular theory of quantum gravity, that it can give account for
the number of microstates of certain black holes. Since the seminal result of
Strominger and Vafa [10] for supersymmetric black holes in 5d, there have
been results along these lines over the last two decades, mostly for near
extremal or asymptotically anti de-Sitter black holes. The Schwartzschild
black hole remains elusive.

Another important area of research is quantum information theory, specif-
ically the study of quantum entanglement. This "spooky action at a dis-
tance"! is the resource behind the idea of quantum computing allowing
some fascinating applications, like quantum teleportation or quantum cryp-
tography [24]. It is also the key property that distinguishes classical from
quantum physics, standing behind many phenomena in strongly correlated
quantum systems. It is not so surprising then that it appears to play a key
role in the physics of black holes [11, 12], or more broadly speaking even in
the emergence of semiclassical spacetime itself [13].

The research presented in this dissertation was initiated by one of the
early attempts to connect the physics of black holes to quantum entangle-
ment. This attempt is based on the observation of Duff, that some charged
supersymmetric black hole solutions in a variant of four dimensional N = 2

! A saying attributed to Einstein.
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supergravity have a Bekenstein-Hawking entropy that is the square root
of a well-known entanglement measure for three qubits, the three-tangle,
provided that we associate a three qubit state to the charges of the black
hole [14]. As these black holes can be embedded in string theory in terms
of D-branes wrapping cycles of a compact six dimensional internal space,
people had hopes that this 3-qubit state can be connected to the physics of
D-branes. This turned out to be possible, but not quite in the way people
might have hoped for. The three qubit Hilbert space was identified to be
the space of harmonic 3-forms on the extra dimensions of the embedding
into type IIB string theory [15]. Such a 3-form is Poincaré dual to the homol-
ogy class that some D3 branes wrap and contains the electric and magnetic
charges of the black hole as wrapping numbers. Then, a symmetry of string
theory, called U-duality, acts in the same way on these charges as the group
of invertible stochastic local operations and classical communication (SLOCC)
on three qubit states. As we will review, SLOCC protocols are constructed
in a way that they cannot increase entanglement between parties and hence
a way of constructing measures for entanglement is to look for relative in-
variant® quantities under invertible SLOCC transformations.

Now the key observation is then that this particular group acting on
this particular vector space forms a so called prehomogeneous vector space.
Recall, that a homogeneous vector space is a pair (G, V') (with an action of
G on V being implicit) such that every element of V is cyclic: we can just
fix a vp € V and reach any other element by the action of G: v = gvy. A
prehomogeneous vector space is a slight generalization of this definition:
it is a pair (G, V) such that G has a dense orbit in V. In particular, this
guarantees that there is a single relative G-invariant f : V' — C which one
can form from a given element of V. The dense orbit is then the open set
satisfying f(v) # 0.

As both the entropy of a black hole and the 3-tangle of three qubits
are relative invariants under U-duality and SLOCC transformations respec-
tively, prehomogenity guarantees that they are a homogeneous function of
each other®. This might be all the reason behind the black hole/qubit cor-
respondence, as we now undertand it. Nevertheless, it is a fruitful recog-
nition that such a central role is played by the prehomogenity of the pair
(G,V), as a complete classification of such prehomogeneous vector spaces
is available due to the work of Sato and Kimura [16]. One might hope then
to find "new" black hole/qubit correspondences by simply going through
the Sato Kimura list. This is indeed the case, prehomogenity is a key as-
pect of the symmetries of supersymmetric stringy black holes. The reason
for this is their connection to Hitchin’s functionals — defining form theories
of gravity, which we will review in section 4.2 of this thesis — for which
prehomogenity turns into the crucial requirement of stability.

Examination of the Sato Kimura list allows one to find the SLOCC clas-
sification for a handful of systems where the entanglement classification

*Suppose that a group G acts on some topological space X . We will call relative invariant
a continuous function f : X — C such that f(g¢) = x(9)" f(¢), where ¢ € X, g € G, m is
some integer and x is a one dimensional representation of G.

*Note that this reasoning only applies to extremal black holes, when the attractor mecha-
nism is in action so that the entropy is a function of the charges only and not of the asymp-
totic values of the scalar fields of the model. Otherwise, because U-dualities act on the
scalars as well, the entropy can depend on several other invariants. We will discuss this
very explicitly in chapter 4 of this dissertation.
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was unknown to the physics literature, along with the respective relative
invariants being candidate entanglement measures. Such systems are the
ones of three fermions with either seven or eight single particle states. An-
other interesting thing is that the list contains pairs of the form (C* x
Spin(2d), A°ver/°ddCd) with d = 6, 7. These cases already made their debut
to physics via generalized Hitchin functionals, but a somewhat simpler idea
is that they can be regarded as even or odd parity states in the Fock space
of fermions. It turns out that this is indeed a good interpretation, and the
physical meaning of the group G = C* x Spin(2d) is that it is the group of
SLOCC transformations combined with Bogoliubov transformations. This
group turns out to be well know in the study of Clifford algebras. It is the
so called even Clifford group, which we will discuss in great detail. This
leads us to the mathematical problem known as the classification of spinors
which we will show to be naturally connected to the description of entan-
glement between fermions®.

Another main concern of this thesis is to understand more about the
classification and the structure of the entropy formula of certain nonextremal
black holes in four dimensions with a stringy origin. There is a good chance
that the microscopics of these black holes can be understood in terms of
interacting BPS objects [18], and since that this class of nonextremal black
holes contains the Schwartzschild and Kerr solutions, the importance of this
chance cannot be overstated. A small, but neccessary step in this direction
is to write down and analyse the classical Bekenstein-Hawking entropy for-
mula for the general nonextremal black hole, which is the main concern of
chapter 4 of this dissertation.

We organize this thesis as follows. The remainder of chapter 1 contains a
list of thesis points and a short introduction into the theory of entanglement
of three qubits, which will be a recurring theme.

Chapter 2 is devoted to the extension of the fermionic SLOCC classifi-
cation problem based on the theory of spinors [19]. We set up the notion
of fermionic entanglement at the beginning of this chapter. We outline the
connection of the classification problem of spinors with fermionic entan-
glement and review the neccessary mathematical background material in
a second quantized fermionic language. The end of the chapter is devoted
to a canonical real structure which we introduce for any fermionic Hilbert
space and describe how it connects spinor invariants to reduced density
matrix elements via so called Fierz identities.

In Chapter 3 we delve into the problem of finding the SLOCC and ex-
tended SLOCC classification of certain fermionic systems. This mostly con-
sists of borrowing the classification from the mathematical (and sometimes
physical) literature and presenting it in a unified spinor language, but we
will describe several new results along the way such as monogamy equa-
tions for three fermions with six modes or new invariants for three fermions
with nine modes.

Chapter 4 reviews the nonextremal black hole solutions of 4d ungauged
N = 2 supergravity coupled to three vector multiplets, from which the
most general black holes of maximal N/ = 8 supergravity can be obtained.
We construct the duality invariant entropy formula for these black holes

*There were some previous attempts to connect the mathematics of Clifford algebras to
entanglement theory, see [17].
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as a main result of this chapter. We also discuss how this general black
hole fits into the black hole/qubit correspondence via connecting it to a
particular semisimple four qubit SLOCC orbit. We discuss several known
limits. In the last section of this chapter, section 4.2 we discuss Hitchin
functionals as the main bridge between BPS black holes and the fermionic
systems described in chapter 2. This last section does not contain any new
results, it is included with the hope that it makes the global picture more
complete.

1.1 Summary of the authors original contribution

In this section, we summarize the results in this dissertation which are the
authors own work, by collecting them into thesis points. We indicate the
connecting publications at the end of each point and the connecting sections
of this dissertation in a superscript.

1. We observe that the even Clifford group acting on spinors is a natural
extension of the usual SLOCC group acting on fermionic states with
a fixed number of particles®®> 2123, The additional transformations
in the even Clifford group can be interpreted as Bogoliubov trans-
formations. We propose the classification of spinors under the ac-
tion of the even Clifford group to be a natural generalization of the
fermionic SLOCC classification problem. Therefore, we call the even
Clifford group, the extended SLOCC group. Pure spinors, which form
the simplest orbit under the Clifford group, are shown to generalize
the notion of separable states®*> 233. We observe that spinor invari-
ants give possible entanglement measures and we show how various
known entanglement measures, like the pure state concurrence for
two qubits or the three tangle for three qubits originate from known
spinor invariants®e® 243234 The connecting publication is [P.2].

2. Weidentify a real structure which is present on fermionic Fock spaces.
We use this to relate SLOCC covariants, used to separate entangle-
ment classes of states, with reduced density matrix elements via spinor
Fierz identities®®® 2°. The entanglement monogamy equations for the
tangles of three qubits are shown to be a consequence of such a Fierz
identity. In fact, we show that these equations are special cases of
monogamy equations obeyed by three fermions with six single parti-
cle states®®> 344, As a consequence, we confirm that the quartic SLOCC
invariant introduced in [20] indeed measures three body entangle-
ment. We identify the fermionic concurrences measuring two body
entanglement*®“ 34> The connecting publication is [P.4].

3. We study the SLOCC and extended SLOCC classes of certain low di-
mensional fermionic systems where the solution to the classification
problems can be extracted from the mathematical literature. Partic-
ular emphasis is put on three fermion systems with up to nine sin-
gle particle modes. We present invariants and covariants of these
systems in the unified language of spinor invariants™ 3. We give a
complete set of (noncontinuous) invariants separating the SLOCC or-
bits in the case of three fermion systems with six, seven and eight
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modes®®c 342352362 In the nine mode case we give new combina-

tions of the four independent continuous invariants which can be

used to separate the semisimple families of Vinberg and Elashvili*¢®- 37
We discuss how to embed the distinguishable system of three qutrits

and present how the fermionic invariants reduce to the invariants of
three qutrits. As a consequence, we also obtain invariants separating
families of three qutrits. The embedding between families is observed

to be injective, a property that previously studied fermionic embed-

dings of three qubits and four qubits also satisfy. We emphasize the

connection of the six and seven mode cases to the theory of SU(3)

and G special holonomy manifolds via their connection to Hitchin

functionals*®® 42, The connecting publications are [P.1, P.3]

4. We identify the U-duality invariant which is required to express the
Bekenstein-Hawking entropy of the most general 4 dimensional, sta-
tionary, asymptotically flat, nonextremal STU black holes constructed
recently in [21, 22]. This allows us to write the general nonextremal
entropy formula entirely in terms of asymptotic charges for the first
time®e® #17 The expression also involves the "scalar charges" of these
black holes which can in principle be solved in terms of the dyonic
charges and the mass. We discuss how the formula reduces to some
of the known results as the Klauza-Klein black hole and the dilute
gas limit of Cveti¢ and Larsen**“ 4110 and how its dependence on
the asymptotic scalar moduli can be removed via U-dualities®® 41,
We discuss the identification of the charges of the black hole with a
four qubit state and show that the nonextremal black holes of [22] are
in a single semisimple entanglement class**® 4111 'in contrary to the
complete identification between extremal black holes and nilpotent
classes worked out it [23]. The connecting publication is [P.5].
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6 Papers connecting to thesis points

1.2 A short review on multipartite entanglement for
three qubits

Since almost everything in this thesis can in some way or another be con-
nected to entanglement properties of three qubits, here we give a short sum-
mary of this relatively well understood system.

1.2.1 Bipartite entanglement in two qubit mixed states

Before discussing entanglement between several qubits it is essential to un-
derstand entanglement between two qubits. This is a very simple problem
in the case of pure states

1
) =) abislig). (1.1)
ij=0

This state is separable into a product state if and only if the 2 x 2 matrix 1);;
is a dyad. The neccessary and sufficient condition for this is

1 ..
detw = 56”67'J T/Jii/wjj/ =0. (12)

Let us assume that the above state is normalized i.e. }_,; [vij|? = 1 and
define its reduced density matrices as

(pa)ij = W¥1)ij, (pB)ij = (b1)i, (1.3)

where T denotes the Hermitian conjugate of matrices. It is clear that the
condition (1.2) can also be written as

det pg = det pp = |det¥|*> = 0. (1.4)

A quantity to measure the entanglement between qubit A and B with a
clear operational meaning[24] is the entanglement entropy, which is the von-
Neumann entropy of the reduced density matrix, i.e.

Ea(l¥)) = S(pa) = —Trpalogpa. (1.5)

For pure states one has S(pa) = S(pp). Now notice that as the eigenvalues
A1 and A2 of pa satisfiy A\j A2 = det ps and A\ + A2 = 1 we can express the
entanglement entropy via the quantities appearing in (1.4) as

1+ 1 —4detpA>
2 )

EMWﬂ=h< (L6)

where h(z) = —zlog x—(1—2z)log(1—x) is the binary entropy function. The
upshot of this simple formula is that the operationally meaningful entropic
quantity S(p4) is entirely captured by a somewhat algebraically simpler
quantity, a homogeneous function of the amplitudes

C=+/4detpy, (1.7)



1.2. A short review on multipartite entanglement for three qubits 7

which goes by the name concurrence. Notice that this quantity is bounded
from both above and below as 0 < detpg < %. It will be very useful to

recast this formula in terms of a dual two qubit state

1

[y = Y €Tyl (1.8)
iji'3'=0
as )
C =[] (1.9)

While it is very easy to understand bipartite entanglement for pure
states, this task is much less trivial for mixed states. The reason is that
mixed states contain classical correlations between the parties. Indeed, they
are the quantum generalization of a probability distribution on a classical
phase space which in general encodes nontrivial correlations among sub-
systems. For a mixed quantum state our aim is then to get rid of the classical
part of the correlations and quantify only the quantum part.

To illustrate this, let us consider a general mixed state p of a bipartite
system ‘H4 ® Hp. In general, p can be written as a convex combination of
pure states in several ways

p=> pila)(Wil, pi=0, Y pi=1 (1.10)

The states |¢;) are not required to be orthonormal or to form a basis. We
may think of them as the pure states that we can draw from p according to
the distribution {p;} but again, the important point is that this decompo-
sition is not unique. We will say that the state p is separable if we can find
such a decomposition where all |¢;) are product states. Notice that decid-
ing whether p is separable or not is a hard problem, so hard that to date no
easily computable neccessary and sufficient criteria are known to decide it.

So how do we quantify entanglement in a mixed state? It is clear that
the entanglement entropy doesn’t work: it is full with classical correlations.
We may, however, introduce its convex roof extension [24]

£ min i i) ), .
( |wi><wilz;pEA(w ) (L1

p pr
) pis|[Yi)lp=>"; pi

i.e. we take the minimum of the average of the entanglement entropy over
all pure decompositions of p. This quantity is called the entanglement of
formation [25]. 1t is clear that £(p) = 0 if and only if p is separable. Also, it
can be shown that £(p) has a clear operational meaning: it is the asymptotic
number of Bell pairs shared between A and B required to construct the state
p-

In general, the entanglement of formation is very hard to calculate as it
is defined as a solution of a variational problem. However, in the case of
two qubits a simple formula can be obtained for it, reminiscent of (1.6)[26].
It can be written as follows. Define the spin-flipped dual state to p as

P =€RePER €, (1.12)

where~denotes complex conjugation and e is the 2 x 2 totally antisymmet-
ric matrix. It is clear that p is a positive matrix with positive eigenvalues
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A3, 02, M7 sorted in decreasing order. Let us define the mixed state con-
currence
C(p) = max{0, \1 — A2 — A3 — A4} (1.13)

A remarkable result is that the entanglement of formation takes the simple
form[26]
1++1-C
E(lY)) =h (2 (p)> , (1.14)

so that the mixed concurrence is really a true measure of quantum entan-
glement in a mixed state.

It might not be immediately obvious that the mixed state concurrence
agrees with the one (1.4) for pure states. To see this, notice that with the use
of (1.8) we may write

pp = (Y[) ) (], (1.15)

which is a single dyad so indeed its only non-vanishing eigenvalue is \? =

(1)

1.2.2 Three qubits

The system of three qubits is the smallest possible entangled setup posess-
ing genuine multipartite entanglement. For pure states, this multipartite en-
tanglement can in fact be explicitly quantified through a quantity, called the
3-tangle, due to Coffman, Kundu and Wootters [27].

Let us consider a normalized pure three qubit state

1

) = > Yirligh), (1.16)

ijk=0

and define its marginals as

(pAB ij,kl — Z %gnlbkm, (PAC ij,kl = Z wznj wknly PBC ij,kl — Z Q/an]wnkla
(pa)ik = Z VinmVknms  (PB)ik = Z UnimWnkms  (PC)ik = Z¢nmi¢nmk-

n,m n,m n,m

(1.17)
A natural question is: how much genuine quantum entanglement is there
between a pair of qubits? We can obtain the answer by calculating the two
qubit concurrence (1.13) of the corresponding two qubit reduced density
matrix. Because these RDMs come from a pure three qubit state, the calcu-
lation simplifies. Indeed, we may think of v;;, as a map C?xC? - C?
by grouping two of its indices into in and the remaining one to an out
index and so we easily see that the two body RDMs correspond to maps
C? x C? — C?% x C? of the form %' o 1 and that the one body RDMs cor-
respond to maps C? — C? of the form 1 o ¥'. This way, it is easy to see
that nonzero eigenvalues of p4 and ppc must agree, and similar relations
hold for the other two pairs. It follows, that p4ppap can have at most two
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nonzero eigenvalues and we may write

Clpap)* =7ap = (M1 — X2)?
=Tr(pappaB) — 2A1 A2 (1.18)
< Tr(pappaB),

where we have defined the 2-tangle T4 and a similar upper bound holds
for Tpc and T4¢. A short calculation shows that for normalized states one
has

Tr(pappas) = 2(det pa + det pp — det pc), (1.19)

and hence
Tr(paspan) + Tr(pacpac) = 4det pa. (1.20)

Combine this with the bound (1.18) to obtain the seminal result of Coffman,
Kundu and Wootters [27]

Tag +Tac < 4ddet pa = Clpa)? = Taso)- (1.21)

This inequality expresses the monogamy of entanglement. The tangle 74 (¢
measures the entanglement of qubit A with the joint system BC while 745
and 74¢ measure the entanglement between A and B and A and C respec-
tively. The sum of the latter two must be less than the former. The fact that
there is an inequality instead of an equality signals the existence of genuine
tripartite entanglement, i.e. entanglement which is not shared by any pair
of the tree parties. One can quantify this with the positive quantity

TABC = TA(BC) — TAB — TAC (1.22)

which we call 3-tangle. Note the crucial fact that the value of this quantity
is independent of which subsystem we select at the first place i.e. Tapc =
TB(AC) — TaB — Tpc and a similar relation holds with 7¢(4p). An explicit
calculation reveals that the 3-tangle is expressed with the amplitudes as

Tapc = 4|HDet(¢)], (1.23)

where

HDet(1)) = ¥800%i11 + Y001 ¥ii0 + Yo10%ior + Yioo¥oin
— 2(%000%001%100%111 + Yooo¥o10% 101111
+ o00¥100%011¥111 + Yo01%o10¥101¥110 (1.24)
+ Yoo1¥100% 0119110 + Yo10%100%011%101)
+ 4(v000%011¥101%110 + Y001%010%1009¥111)-

is Cayley’s hyperdeterminant for 2 x 2 x 2 arrays.

We will rederive these results in 3.4.4 as a special case of the monogamy
inequality for three fermions with six single particle states. The somewhat
arbitrary form of the spin-flip (1.12) required to compute the 2-tangle will
be understood in terms of a canonical spinor conjugation (see sec. 2.5) and
the origin of the CKW equations

TAB + TAC + TABC = TA(BC)» (1.25)
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will be tracked back to follow from Fierz identities for spinors.

1.2.3 Stochastic local operations and classical communication

The appearance of a quantity HDet(¢) in (1.24), well known in invariant
theory, as an entanglement measure is not a coincidence. Let us briefly
review an old idea for a systematic way of classifying different types of
entanglement: the classification based on equivalence under stochastic local
operations and classical communication (SLOCC).

The basic idea is that when we have a multipartite composite quantum
system, we cannot create or increase any kind of entanglement by allowing
the parties to perform arbitrary quantum operations (e.g. time evolution or
measurement) on their part of the subsystem and share the results with each
other via classical channels. These operations are rougly make up what we
call local operations and classical communication (LOCC). As these opera-
tions do not create entanglement we may say that the states |¢);) and [i2)
are equally entangled when they can be mutually transformed into each
other by means of LOCC. It follows that finding classes of equally entangled
states requires finding the orbits of the group of invertible LOCC transfor-
mations on the Hilbert space of the system. This group turns out to be the
group of local unitaries, for the case of three qubits, itis U(2) x U(2) x U(2).
The action of an element (u1, uz, u3) € U(2) xU(2) x U(2) on the amplitudes
of the state is just

s/

Yije > ()i (uz)” (us)i i, (1.26)

where we are beginning to use Einstein convention for the summation of
upper and lower indices.

It is not difficult to see that this classification problem gives rise to a con-
tinuum family of orbits, even in the simplest cases. Indeed, clearly all the
eigenvalues of the reduced density matrices are invariant under this action,
so that whenever they have different values, the state is automatically from
a different orbit. An attempt to coarse grain this classification problem is
the idea of classification under SLOCC. Here, we only require that we can
turn |¢1) and [¢2) into each other by means of LOCC with probability greater
than zero. This amounts to finding the orbits of the group of invertible lo-
cal operators, which we will call the SLOCC group. For the case of three
qubits, this is GL(2,C)*? and an element (g1, g2, g3) € GL(2,C)*3 acts as

Yiji (gl)ii/ (gz)jj/ (QS)kk/¢i’j’k/- (1.27)

We will see later very clearly, that the hyperdeterminant (1.24), giving rise
to the 3-tangle, is a relative invariant under this group action, transforming
as

HDet(g1 ® g2 ® g3) = (det gy det gy det g, )*HDet(z)), (1.28)

hence states which contain genuine tripartite entanglement are in a differ-
ent SLOCC class than those of which do not.

The SLOCC classification problem can be solved for three qubits[28, 29].
It turns out that there are six SLOCC classes, and the one with HDet(¢)) # 0
is dense in the space of all three qubit states. This is because the single rel-
ative invariant of the action of the SLOCC group is HDet(¢)) which makes
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the pair (GL(2,C)*3,C? @ C? ® C?) a prehomogeneous vector space. We
illustrate these classes on figure 1.1. An arrow points from class A to class
B if there is a nonzero probability of turning a state from A into a state from
B by means of LOCC but states from B cannot be turned into states from
A. Now let us list some representative states for these classes:

1
V2
(1100) 4 [010) + [001)) is in W,

(1000) + [111)) is in GHZ,
1

Sl

3
(1.29)

1

E|O> ® (]10) + |01)) and its permutations
are in A(BC), B(AC), C(AB) respectively,

|000) is separable.

(¢}

FIGURE 1.1: SLOCC classes for three qubits. An arrow
points from class A to class B if there is a degenerate SLOCC
transformation turning a state in A to a state in B.

Notice that the class W contains states which cannot be separated (in
particular can have maximally mixed one qubit reduced density matrices)
but still do not contain any tripartite entanglement. We will review this
classification in more detail as a special case of a similar classification of a
fermionic system in section 3.4. We will see that the classes can be separated
in a very natural way with the use of a fermionic quantity.

It turns out that for general quantum system the concept of SLOCC clas-
sification becomes untractable and needs further coarse graining. In fact,
precisely the small quantum systems corresponding to prehomogeneous
vector spaces are the ones where one can hope for a finite number of SLOCC
classes. Indeed, let us assume that we happen to have more then one rela-
tive invariants of the SLOCC group, say /; and I, and let us assume that
they have different homogeneous degree, say ki and k. This means that
for states |¢1) and [¢2) to be SLOCC equivalent there has to be a nonzero
complex number A such that

(11, I2) | gyy = (NF1 I, NP2 1) [ (1.30)

1/ky
i.e. different values of ?1/—,@ correspond to different SLOCC orbits so that
2
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we have a continuum number of orbits. In this case there are different ways
to coarse grain the SLOCC classification problem. For example, for four
qubits[30], for fermions with eight single particle states[31], three qutrits
[32] or three fermions with nine single particle states [P.3] one can group
these orbits into a finite number of families. This, however, is strongly
based on another nonuniversal feature: the SLOCC problem for these sys-
tems can be turned into a problem in the theory of semisimple Lie algebras.
We will briefly return to this question of coarse graining the SLOCC classi-
fication for fermionic systems in section 2.4.3.
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Chapter 2

Entanglement between
fermions

2.1 Fermionic states and Clifford algebras

We are interested in the algebra of fermionic observables A which is as-
sociated to the vector space H of some single particle modes!. We se-
lect some basis to this space and associate fermionic creation operators p?,
a =1,..,dimH = d to them. Let us denote the vector space spanned by
these operators by W. We introduce annihilation operators n, as the basis
of the dual vector space W* through n*(p,) = §%,. We generate A through
the canonical anticommutation relations (CAR):

{p*,mp} = 0%1. (2.1)

Equivalently for vectors x = z,p® + 2%n, and y = y,p® + y*n, taken from
V =W @ W™ this reads as

{z,y} = 2(z, y)I, (2.2)

where the symmetric inner product is (z,y) = (2%, + 2py°). The alge-
bra generated by such a relation is by definition a Clifford algebra, hence
A = Clif f(V). The (up to isomorphism) unique representation of this alge-
bra is built as follows. One chooses a vacuum state |0) which is annihilated
by half of the space V e.g. n4|0) = 0, @ = 1,...,d. Then one acts in all the
possible ways with the creation operators. The representation space is then
spanned by basis vectors p®...p%0), k = 0, ...,d. The resulting 2¢ dimen-
sional space is called the fermionic Fock space F and is in fact identical?
to the vector space underlying the exterior algebra of the single particle
space®: F = A*H. The states in F can be rightfully called spinors as they
form a representation of a Clifford algebra.

"Notice that we do not assume that there is an inner product on H for now. We will
introduce it later to emphasize what role it does and does not play. As a consequence, the
adjoint of operators is not defined for the time being.

2Some authors add an extra one dimensional factor so that F = A*H ® (AdH)_%. This
is to obtain the correct action of GL(#) acting as a subgroup of Spin(V') but it clearly does
not change the linear structure. We will comment on this in more detail later, in sec. 2.3.2

* As such, by writing a single particle basis element as e* = p®|0) we may write the basis
elements of the Fock space in the exterior algebra notation p®*...p**|0) = et A ... A e®*.
The action of the space W @ W™ of creation and annihilation operators turns into the usual
exterior A and interior ¢ products of vectors and dual vectors respectively with exterior
forms. Indeed, one has

{‘T/\v Ly} = y(l’)l, S H? Y € H*v (23)
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There are two canonical maps that come with every Clifford algebra:

o Parity or main automorphism. This is generated by the map z — —x on
V which leaves (2.2) invariant. It follows that we can lift this up to
Clif f(V) by extending linearly the action on monomials:

P: T1L2...T > (—$1)<—x2)...(—xk) = (—l)kmlxg...xk. (24)

It is clear that since P? = I and P is an automorphism it introduces
a Zy grading of Clif f(V'). This is just the grading into even and odd
elements.

o Transposition or main antiautomorphism We define on monomials the
map

b rixe.xy > T LT, (2.5)

and extend it linearly on Clif f(V'). Again, this definition is indepen-
dent of the blocking of the Clifford algebra elements into monomials
as ! leaves (2.2) invariant. It is clear that ! is an antiautomorphism:

(AB)' = B'A', A,B < Cliff(V). (2.6)

The orthogonal group of the inner product (2.2) on V is defined as
(Oz,0y) = (z,y), O €O(V). (2.7)

In writing O(V') we mean O(V, (., .)) and keep the inner product implicit.
These transformations do not change the anticommutator, so they posess a
clear physical meaning: they are (not necessarily unitary) Bogoliubov trans-
formations. We define the Clifford group I" as the group of invertible elements
g of Clif f(V) which fix V in the sense that gzg~! € V for every x € V. The
even subgroup I'y consists of even elements P(g) = g with respect to (2.4).
Now notice that

(929~ " grg I = grg 'gxg™! = g(z,2)Ig" = (z,2)I, (2.8)

so the transformation
z = Oz = grg~ !, (2.9)

isin O(V'). The map g — O, is a homomorphism between I' and O(V') with
kernel C*. Notice that since for every x € V we have z' = x and it follows
that

grg ' = (gzg™ ")

2.10
= (¢")"'ag' 210

so that g*gz = zg'g and hence consistency requires
g ' =aqa.9', geT, a, €C*. (2.11)

We call the number o, * the Clifford norm of g. It is easy to see that g — a;;*
is a group homomorphism from I' to C*. We define the double cover of

which represents the canonical anticommutation relation. Throughout this chapter, we will
stick to the creation/annihilation operator formalism.
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O(V), the pin(V') group as elements in I" with norm plus or minus one:
00" = +1I, O € pin(V). (2.12)

The subgroup Spin(V) is the one which is even under P i.e. the £1 norm
subgroup of I'y. The component Sping (V') connected to the identity clearly
has OO = I. It is clear that all these definitions define subgroups of T
and examination of the homomorphism O, defined through (2.9) reveals
that pin(V') and Spin(V') are indeed the double covers of O(V) and SO(V)
respectively.

All these groups are naturally represented on the fermionic Fock space
A*H by their action as Clifford algebra elements:

) = gl¥), [¥) e N*H, g el (2.13)

Now let us examine more closely the even Clifford group I'y. It is clear that
'y = C* x Sping(V) and hence we may write every element of g € I'g as

g = e, (2.14)

where ) is a nonzero complex number and s is a generator of Spiny(V), i.e.
an element of the Lie-algebra so(V'). We claim that any element s of this Lie
algebra can be written with the creation and annihilation operators as the
bilinear expression

1 1 1
s = S A D" o] + 5 Banp"p” + 5O namy (2.15)

Indeed, putting g = €° in the double cover equation (2.9) and expanding to
first order in s yields the generator 7

Tsx = [s, ], (2.16)

acting on V. We see that in order for the right hand side to be in V' the gen-
erator s must be at most a bilinear expression of creation and annihilation
operators. Such a bilinear is indeed in so(V) as it satisfies

(Tsz, I + (z, Toy) = {Tsz,y} + {z, Tsy} = [s, {z,y}] =0, (2.17)

where we have used that {z,y} is proportional to the identity. It will later
be rewarding to write out (2.16) explicitly in the basis p®, n,:

p* Ay® cav’ pa’
= / 2.1
[S’ < ny >] ( Bba/ —Abb > < Ny ’ ( 8)
so that it is really straightforward to see that the block matrix is in so(V)
with respect to the inner product matrix

0|1
g <+f ! > , (2.19)

where [ is now the d x d identity matrix. The Lie algebra of the even Clifford
group I'y is then obtained by setting A\ = e and expanding in €. The gen-
erators are of the form s + €I, where I is the identity of Clif f(V). Adding
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this to (2.15) we see that the Lie algebra of I'y consists of the most general
bilinears formed by creation and annihilation operators. Notice that the Lie
algebra of Spin(V') is recovered inside this as the —1 eigenspace of the main
antiautomorphism (2.5).

2.2 Entanglement between particles and entanglement
between modes

In order to talk about entanglement one needs to split the system in ques-
tion into smaller subsystems. This is an easy task when there is a clear phys-
ical guide how to factor a Hilbert space into the tensor product of smaller
spaces. There are situations, however, when physics does not provide us
such a naive factorization. There are far from trivial examples of such am-
biguities, like entanglement in gauge theories [33], but one has to be careful
describing free fermions as well.

There are two physically different ways to study entanglement in fer-
mionic systems. One can consider entanglement between particles, say two
electrons, or entanglement between modes say modes corresponding to a
subregion of space and its complement. It is immediately clear that the
local operations can be wildly different in these two cases. Consider for
example two fermions on a lattice, each being in a plane wave state

) = p*pF2|0), (2.20)
with )
k ikR_R
ph=—=> et (221)
VV 4

where R are some lattice vectors and p’® creates an electron localized on a
given site. It is clear that for any bipartition of the lattice |+/) is an entangled
state when considering entanglement between spatial modes*°. On the
other hand, the two electrons are in a Slater determinant state and hence
the state contains only statistical correlations. It is unentangled, a "prod-
uct state" when the entanglement between particles is considered. We will
see later that despite the significant physical difference between these two
concepts, they are not entirely unrelated.

Let us be a little more explicit what we mean by entanglement between
modes and entanglement between particles.

*Otherwise stated, (2.21) is a nonlocal unitary transformation from the point of view of
a bipartitioning of the lattice modes p*.

*In relativistic quantum field theories even the vacuum is spatially entangled. Indeed,
as an example consider the local modes of a free field theory (say a Majorana field v (z))
and the modes diagonalizing the Hamiltonian (say cL with momentum k). These modes are
already related via a Bogoliubov transformation 1(z) ~ [ dk(e™**c), 4+ e~ "*cl) due to the
requirement that the anticommutator of two (not equal time) ¢ (x) should vanish outside the
light cone. This results in the Fock vacuum of the modes ¢, being entangled with respect to
a spatial bipartitioning of the modes v (x). On the contrary to this, in a lattice model where
the local modes are related to energy eigenstates via (2.21), the vacuum is not entangled.
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2.21 Entanglement between fermionic modes

Consider dividing the space of single particle modes into two pieces as
W =W, e Ws. (2.22)

Notice that we use a direct sum and not a product. We are interested in en-
tanglement between modes from W; and W5. The generating vector space
of the Clifford algebra decomposes as

V=W aW)o(WeWs)* =W aW!)e(WeWs) =1,V (2.23)

where V; and V5 generate the Clifford algebra of the modes from the first
set and the second set respectively. Notice that

{vi,Va} =0. (2.24)

Actually this is the only requirement we need to divide the generating vec-
tor space V into two pieces without a priori deciding how to split it into
creation and annihilation operators. Say that the split is defined by a pro-
jection 7 : V. — Vi, 72 = 7. Then (2.24) is equivalent with demanding

0={{ —max,ry} = 2(x, my) — 2(7x, TY), (2.25)

for all z,y € V. Since 72> = 7 we see that this is satisfied if and only if
(rx,y) = (x,my) i.e. 7 is an orthogonal projection with respect to the inner
product of the Clifford algebra. Note that one always has Clif f(V1 & V2) =
Clif f(V1) @ Clif f(V2) as vector spaces but certainly not as algebras. How-
ever if (2.24) is satisfied we have a graded tensor product of graded algebras

Cliff(Vi ® Vo) = Clif f(V1)QCLif f(Va), (2.26)

where the Z; grading is the one introduced by the parity (2.4). The symbol
® denotes that one defines the algebra product on the tensor product vector
space via extending bilinearly the product rule

(A1 ® B1)(A2 @ By) = (—1)421P1(4, 49) @ (B, By), (2.27)

where | A| denotes the parity of A and A; 2 are composed of V; modes while
B 2 are composed of V, modes. This rule is indeed valid, as if (2.24) is true,
we can just (anti)commute A, over By and we only need to compensate for
the introduced sign. A more formal way of saying the same thing is to note
that the linear map

fVieVy = Clif f(V)QCLif f(Va)

(2.28)
(w1, 22) = 21 @I + 1 ® w2,

is Clifford, i.e. f(71,22)? =22 @ [+ I ® 23 = 2((z1,71) + (72, 22)) [ @ T pro-
vided we use (2.27) as the multiplication rule. This ensures that f can be ex-
tended uniquely into an isomorphism Cli f f (Vi®Va) — Clif f(V1)&QCLif f(Va).
This is the splitting of the algebra of observables that we are looking for
when we wish to describe mode entanglement: local operations acting on
the first and second subsystem are the ones built out from Clif f(V;) and
Clif f(V2) respectively. It is important to keep in mind that such a splitting
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is possible because in the case of mode entanglement, the subsystems in
question — the modes — are distinguishable, despite the Hilbert space being
fermionic.

Mode entanglement is a vast field and can be argueably more useful
than entanglement between particles when one wishes to learn about im-
portant topics like the entanglement structure of quantum field theories.
Yet, in the following, we will almost exclusively focus on entanglement be-
tween particles as this is the concept which emerges in generalizations of
the black hole/qubit correspondence.

2.2.2 Entanglement between fermionic particles

Suppose we have an n particle state. When we wish to describe entangle-
ment between particles the first thing that we want is to somehow define a
split into a system of k£ and n — k particles. As we have seen in the previous
case, this should naturally be done by splitting the algebra of observables
into two commuting subalgebras. Now our observables are k-particle op-
erators. Recall, that the set of single particle operators is

OW = {1} U {AL p | AL € T}, (2.29)

while the set of £ particle operators is

k
ok — U{Aalmalbl‘“blp“l...p‘”nbl...nbl\Aal,,,albl‘“bl € C}. (2.30)
=0

We immediately meet a serious obstacle: these sets, appart from the trivial
cases 00 and 0@, do not form closed subalgebras. This, of course, pre-
vents us from splitting the observables into subsystems. However, there
are some crucial notions which are still well defined. Such is the k-particle
reduced density matrix p*) : AH — AFH of a state |¢)), which has the
standard definition®

(| AY) = Tr(p™ A), vA e OW), (2.31)

which means that the expectation value of a k particle operator can still be
expressed if we keep only a reduced amount of information about the state
|4)) encoded in a mixed state on A*H. Expanding A shows that the matrix
elements of p*) are

i1k

(p(k))jlu-jk = <¢|pi1"'piknj1"'njk¢>' (2.32)
For example, for an n particle state

1

Py =—

®In this subsection we temporarly reintroduce the Hermitian inner product (.|.) which
we need to define expectation values and hence density matrices. We will describe the
consequences of introducing this extra structure in more detail in section 2.5.
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we have

RER 1 St ki 1.in
(p(k))jl-.-jk T = mpjl...jkik+1._.inp LBkl tn (2.34)

which satisfies Lowdin normalization

Trp®) = (Z) (P|P). (2.35)

Note that we have adopted the convention that a complex conjugation raises
an index. Spectral data of p(*¥) contains information about how entangled a
set of k particles are with the rest. For example, the one particle RDM p(!) is
a projection to an n dimensional subspace, i.e. n of its eigenvalues are 1 and
d —n of them are 0, if and only if the state | P) is a single Slater determinant,
i.e. it is separable. The fermionic single particle local unitary group is defined
to be U(d) and it acts on the amplitudes of (2.33) as

Py iy = Uy Uy " Py g, (2.36)

where the matrix U is unitary. It is worth to compare this to the qubit
case (1.26). We see that we must act with the same U on each slot due to
the indistinguishability of the parties. The spectral information contained
in the reduced density matrices p*) is clearly invariant under the action of
the fermionic local unitary group.

There is a nice way of connecting these reduced density matrices to the
better understood case of mode entanglement [34]. To see this, consider
for example the splitting of the mode space W = span(]nl7 - pd) into the
pair of a lone single particle mode and the rest, W; = span(p’) and W; =
span(p!,...,p?~ 1, p*L .. p?). One can find the reduced density matrix of a
state |¢)) to the algebra Clif f(W; & W) to be’

pi = (@I n0)p[0){0n; + (1 — (L[p'n;))[0)(0]  (nosum).  (2.37)

For bipartite entanglement of pure states, a standard measure of entangle-
ment is the entanglement entropy that we have already met in (1.5) for
qubits. It reads in this case as

Ej() = ~Trp;log pj = h((y[p'n;9)), (2.38)

where h is the same binary entropy function as in (1.6). It vanishes if and
only if we can separate the mode j in |)). As noticed in [34], a natural way
of obtaining a quantity measuring the separability of a single particle is to
eliminate the dependence from FE;(v) on the basis picked on the space of
single particle modes. This is done in two steps. First we sum up j and then
we take the minimum of the resulting quantity over all possible choice of
basis vectors on W, the space of creation operators. This clearly gives an
invariant of the group action (2.36). The minimum is reached in the basis
which diagonalizes the single particle reduced density matrix p{!) (not to
be confused with p;!). This is sometimes called the basis of natural orbitals.

"By |0){0] in this formula we mean n;p’ (no sum), i.e. the vacuum projector of a single
mode. The point here is that p; acts on the two dimensional Fock space spanned by |0) and
p’10).
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Indeed, for any other basis there is a diagonalizing unitary U“;, such that
(WP npp) = U Ty 0p My, (2.39)

and therefore using the concavity of h we have

D (@l ng)) = 3 U0 hw) = 3 S h(%). (2.40)

Jsb b

On the right hand side we see appearing the von-Neumann entropy of the
single particle RDM p") which describes measurements of single particle
operators. This way we may reinterpret entanglement between particles as
a state dependent version of entanglement between modes: the entangle-
ment of a single particle with the rest is the average mode entanglement of
a single natural orbital with the rest.

2.3 SLOCC and extended SLOCC
2.3.1 SLOCC

Now consider an n fermion state with a d > n dimensional single particle
Hilbert space H

1 a a n
[Y) = Varan PP "0) € A"H. (2.41)

The ordinary fermionic SLOCC group is GL(H) = GL(d,C) and it acts on
the amplitudes as

wal,...,an — Galbl-'-Galblwbl,...,bnu G S GL(H) (24:2)

This corresponds to an invertible protocol acting locally on a single parti-
cle, but as the particles are indistinguishable, we can only apply the same
protocol to all of the particles. It is the same short of coarse graining of the
local unitary group (2.36) as (1.27) to (1.26) in the case of qubits.

Finding the orbits of the above defined group action is what we call the
SLOCC classification problem for fermions. States on the same orbit are called
SLOCC equivalent and we think of them as being equally entangled in the
sence that they can be turned into each other by a SLOCC protocol with
probability greater than zero. We may say that a state |¢1) is less entangled
than [is) if there is a degenerate SLOCC protocol transforming |t2) into

|91).

2.3.2 Extended SLOCC

One can ask the question if there is a natural way to describe these trans-
formations, originaly introduced on a physical basis, in the formalism of
section 2.1. where the fermionic state space is regarded to be the spinor rep-
resentation of the Clifford algebra generated by the single particle modes.
It is easy to see that the answer to this question is affirmative. The SLOCC
transformation (2.42) is implemented by an invertible transformation p® —
G ?p® on the space W of creation operators which is clearly just a special
case of the Bogoliubov transformation introduced in e.q. (2.7). Let us find
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the elements of the even Clifford group I'y which implement this transfor-
mation through (2.9). From (2.14) and (2.15) we see that the elements

g = Aea '[P (2.43)

acton V as
_ _ 1\ b
gp’g =GP, gnag”t = (G Y)a e, (244)
where the matrix G, is the exponential of the matrix Agb. Using the iden-
tity e = det G we easily find that the action of g on the vaccum is

90) = A(det G)~2|0), (2.45)

and hence we may fix A = (det G’)% to keep the vacuum invariant®. The
resulting action on n-particle states (2.41) is

1 ai ,— an —
91Y) = —Varan (999 D...(gp™ g~ ")g|0)

1
= E(Gal by --~Ganbnwb1,...7bn )pa1 ...pa" |0>,

(2.46)

which is indeed the same as (2.42). In fact, elements of the form (2.43) in
I'y are precisely the ones which conserve particle number, i.e. keep the Z
grading of the exterior algebra underlying the fermionic Fock space.

We have seen in section 2.1 that the groups I',T'g, Spin(V), etc. and
their action arise naturally only by prescribing canonical anticommutation
relations between fermionic modes, without fixing anything additionally.
Finding the orbits of these groups on F is then a natural problem, known
to mathematicians as the classification problem of spinors [19, 35]. It is
satisfying to see that the the SLOCC classification problem for fermions is
recovered in this framework as a special case. Now it is tempting to con-
sider coarse grainings of the SLOCC classification problem by replacing the
SLOCC group by a bigger one. The natural candidate is the even Clifford
group I'g because of the following physical reason. We do not want to con-
sider entanglement between states with different overall statistics i.e. even
and odd particle number. This is sometimes refered to as the parity super-
selection rule. Indeed, by definition, the action of the even Clifford group
does not change the parity (see (2.4)) of the states: it acts reducibly on F
with irreducible invariant subspaces F and F~ corresponding to left and
right handed Weyl spinors.

This motivates us to call the even Clifford group I'y = C* x Sping(V)
the generalized, or more appropriately, the extended SLOCC group.

A recent result [34] shows that there is a way of thinking about entangle-
ment classification under the extended SLOCC group as a type of average
mode entanglement, by a suitable generalization of the argument given at
the end of section 2.2.2. We will give a review of this at the end of section
2.5.3.

8Recall that the spin group is recovered with A = 1. The determinant factor then justifies

writing the Fock space as F = A*H @ (A%H) ™7 as this is how GL(#) acts as a subgroup of
Spin(V).
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2.3.3 Pure spinors and Slater determinants

The first, somewhat obious step in solving the SLOCC classification prob-
lem is to notice that states that are just exterior products of vectors from W
always form a single SLOCC orbit. Indeed, using the definition (2.42), we
have

(vélpal)...(vgnpa” )|0) — (fué1 Gy, a1 pb1 ). (vg, Gbna"pb”) |0). (2.47)

We call these states separable or more traditionally single Slater determinant as
they only contain statistical correlations between the parties which cannot
be removed due to the indistinguishable nature of the particles.

One may wonder what happens to this orbit when we extend the clas-
sification to the extended SLOCC group I'g. The answer is that it will be a
part of the orbit of so called pure spinors. A state |1)) € F is called a pure
spinor if its annihilator subspace £, = {x € V|z|¢) = 0} is of maximal di-
mension. Note that every element = of the annihilator subspace have zero
inner product with itself since 0 = z2[¢)) = (z,2)[¢). As a consequence,
the maximal dimension of £, is d and if ¢ is pure, we may decompose V'
into new creation and annihilation operators as V' = Ey, @ Ej,. This makes
it clear why these states are sometimes called quasiparticle vacuum states or
quasifree states in the physics literature. We call a B-transformation an ele-
ment of 'y written in the form (2.14), (2.15) with the matrices A and C set
to zero. It can be shown that every pure spinor can be written as

1 apb a n , an
) = e2 PP P (y] p™)... (v p™)|0), (2.48)

i.e. a Slater determinant transformed by a B-transformation.

We can actually identify what the orbit of pure spinors is in the general
case. It is clear that the orbit of a vector |¢) is homeomorphic to the coset
space I'g/T"y, where Ty, is the stabilizer of |¢). It is not too difficult to de-
termine I'y, for pure spinors, as we will now show. We can write a general
element of Iy in the form described by equations (2.14) and (2.15). We may
rewrite this as

g = Ao~ FEAALD L B 5 o, (2.49)

Now without the loss of generality, we can take the n, to form a basis of
annihilation operators corresponding to the pure spinor [¢), i.e. a basis of
Ey. Then, the p® operators form a basis of E;Z It should be clear, that in this
case the elements fixing |¢/) must have

Bay = 0and \ = e2T4, (2.50)

Under the image of (2.9) we obtain matrices in O(V') of the form

(St (7). 25

where G € GL(Ey) =2 GL(d,C) and C is antisymmetric. As X is fixed
to a unique value in (2.50), the group formed by these matrices is actually
isomorphic to I'y,. This group is just the semidirect productI'y, = GL(d, C)x
H(d), where H(d) is the 1d(d — 1) dimensional Abelian group of upper
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triangular matrices of the form

I|c
(%) , (2.52)

where C is a d x d antisymmetric matrix. It follows, that the pure spinor
orbit is nothing else than

C*x[Sping(V)/(GL(d,C) x H(d))] = C*x[SO(2d,C)/(GL(d,C) x H(d))].

(2.53)
and has dimension 1+ 1d(d—1). We note that it is possible to write the orbit
of pure spinors in a different form as C* x SO(2d,R)/U(d) by noticing that
it is just the quadratic Grassmanian @(2d, d).

2.4 Covariants and invariants of the extended SLOCC
group

We proceed by introducing the basic building blocks of covariants and in-
variants under the extended SLOCC group. These are necessary to describe
the orbits of this group and to construct entanglement measures and mono-
tones.

2.4.1 The invariant bilinear product

Recall that so far we have not used the usual Hermitian inner product (.|.)
associating probabilities to states and observables. This is an extra structure
on the single particle space H which we did not need to build up the group
I'p and its action on F. Here, still without fixing the Hermitian inner prod-
uct, we introduce a natural non-degenerate bilinear form, called the Mukai
pairing [36], which is very different from the usual Hermitian product, and
is canonically defined (up to a constant multiplier) once the Clifford algebra
and its vacuum state |0) are fixed. This product has the nice property that it
is invariant under the action of the connected component of the spin group
Sping (V') and relative invariant under the action of I'y.

To define this product we use the transposition defined in (2.5). Usu-
ally, transposition of operators is defined with respect to a bilinear product.
Now we go the other way around. We are looking for a product satisfying’

(6,70) = (V'¢,9), (2.54)

for all |¢), |¢) € F and v € Clif f(V). Before proceeding, recall that for all
O € Sping(V) we have OO! = I (see comments around (2.12)) and hence
any such product automatically satisfies

(09, 0¢) = (¢,¢), VO € Sping(V), (2.55)

so that it is indeed invariant. Now we show that the condition (2.54) de-
fines the bilinear product uniquely, up to a constant multiplier. To see this,
consider the one dimensional d-particle subspace A% and pick a vector in

Note that we abuse notation here by using (.,.) which is the same as we used for the
inner product (2.2) of V. We hope that it will be clear from the context which one we mean.
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it, say |top) = p'...p%|0). This is unique up to a constant. It is clear that the
"k-hole" Slater determinants

Na, ---Na, [top), k=0,1,...,d, (2.56)

form a basis of F in the same way as the k-particle states do. Using the
requirement (2.54) the pairing of any basis vector with the vacuum reads as

(10), g, ...nq, [top)) = (nq,|0), ngy...0q, [top)) = 0, (2.57)

unless £ = 0 and hence, by bilinearity, the only state that can have a non-
vanishing pairing with the vacuum must be proportional to |top). By the
assumption of nondegeneracy, (|0), [top)) must be a nonzero number. This
number is all our freedom in (., .). To see this it is convenient to expand the
states on a Slater basis

d
1) = ¥|0), zzkl Pk pMp™ € ClLiff(V). (2.58)
k=0

Using this, we may write

(¢,9) = (2]0), ¥]0))
= (/0), @ ®|0)) (2.59)
= (10), [top)) (2" 10)) top,

where (), denotes the top component of the vector, i.e. the coefficient
multiplying |top). This shows that the product between any two states is
determined once (]0), |top)) is fixed.

Notice that the symmetry properties of the pairing under exchange of
the arguments are determined by the symmetry of (|0), |top)). Indeed, run-
ing (2.59) the other way around we have

(,6) = (@"0]0),[0)) = (|top},[0)) (9 T[0)) - (2.60)
But it is clear that
(10), [top)) = (0}, p"...p|0))
= (p"...p'(0),10))
= ()" 0, 0)) 260
= (~1)"7" ([top). 0}),

and hence

(6,0) = (1) T (¢, 0). (2.62)

We see that the product is symmetric when d = 0, 1( mod 4) while antisym-
metric when d = 2,3( mod 4). In the following, we will set (|0), |top)) = 1
for convenience. It is worth to comment on the value of the pairing between
states of definite parity. We have seen that (¢, ¢) is proportional to the top
component of 1) A |¢) so that depending on the dimension d of the single
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particle space H we have

(F*,F7)=0, whendiseven,
+ T+ - - (2.63)
(F",F")=(F ,F )=0, whendisodd.
To conclude this section, we give an alternative expression for (., .) which
will be useful to perform some manipulations later in the thesis. Define
1 = nj...ng. It is easy to see that every state is annihilated by €2 except the
subspace of |top):

d(d—1)
2

Qltop) = (=1)"=0), (2.64)
Using this, we easily see that
d(d—1) '
(6.9)[0) = (-1) "7 Q@'w0). (2.65)

2.4.2 The basic covariants

It turns out, that all covariants of the action of the Spin group on a state
) € F can be built out from a set of basic covariants bilinear!? in [¢)).

Let us introduce a general basis of V, and denote it with {e;}22,. The
inner product of V' defined by the CAR (2.2) will be

{er,es} = 2(er,eq)] =2g1,1, (2.66)

where the equation above defines the symmetric, non-degenerate matrix
grs- In this basis, the matrices of the orthogonal group O(V') of this inner
product satisfy

O'pO’ yigry =gy, O €O(V). (2.67)

Specially, de action of the homomorphism (2.9) will be
gerg™ = (0g)” ey, geT. (2.68)

As the simplest example of a bilinear, let us consider the vector

K@) = (b, er). (2.69)
It is clear that
K(g)1 = (¢, g'ergip)
=a, (¥, g ergv) (2.70)
= oy (Og-1)7 (Ky),

where we have used the definition (2.11) of the Clifford norm ay. The map
K : F — V is an example of an equivariant function. It turns the action of
the Clifford group on F into its action on V. This latter is basically the same
as the action of O(V') on V which admits a single invariant

L) = K(¥)rK (), (2.71)

"When d = 2 this is closely related to the result that all covariants of Spin(3, 1) are built
out of from Dirac bilinears. Note that here we will not have a conjugation in the bilinears.
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where the index is raised by the inverse of g7, which we will denote as g’
Under the Clifford group this defines a relative invariant:

Io(g9) = agIo(¥). (2.72)

After discussing this simple example we define a general bilinear to be

K(@b)]ln_[m = (w,ejl...e[mw), (273)

which satisfies

K(g)1,...1,, = 05 (Og=1)" ..

1

(Og-1)""  K(¥) sy - (2.74)

These are the basic covariants that we will work with. Continous relative
invariants can be created by multiplying a certain number of K (¢)s and
contracting all indices with the invariant tensors g7y and €z, ..1,,. In addition
we can form non-continous invariants as well. By grouping, say p indices
of K (1) and raising them with g!” to obtain K (1)!11» Ipi1..I,, We can form
linear maps (W@ W*)™ — (W@ W™*)P, which have a rank which is invariant
under the action of T'y.

An extremely important subcase is when our state has a fixed parity i.e.
when |¢) € F*£. According to (2.63) in this case we have

K()n.. 1.4, =0, whend = dim%H is even,

2.75
K(W)r1,..1,, =0, whend = dim¥ is odd. 2.75)

It is also convenient to organize these covariants in the following way. We
call an orthogonal basis of V' a Majorana basis. Denoting the basis elements
with 7 to distinguish from the general basis elements e;, the Majorana ba-
sis satisfies

{1, 70} = 26141, (2.76)

ie. gr; = 0r5. We can enlist all bilinears as {(¢,vr,..77,,¥)|[ 1 < ... <
I,, m =0,...,2d} as *y% = I. Moreover, in this basis all the covariants are
totaly antisymmetric in their indices. This observation makes it possible
to organize these covariants into an element of the exterior algebra A*V
underlying the Clifford algebra Clif f(V'). Then, the map

K: F—= A,

|¢> = Z %(wvfﬂr"’ylmw)@h VARPAN 61m7 (277)

turns the action of the Clifford group on F into the (reducible) action of
O(V') on A*V. Note that due to the symmetry property (2.62) we have

d(d—1)
(Vv v1,%0) = (1) 2 (v 1,9, )
d(d—1)4+m(m—1) (278)
= (_1) 2 (¢7’Y11---71m¢)7 Il <. < Imv
. . . d(d—1)+m(m—1)
and hence in a Majorana basis we have K (¢)1,..1,, = (—1) 2 KW)n..1,,-
This shows that either K (¢)y,.. 1, vanishes or (—1) AR T fol-

lows, that when the number of single particle modes is d = 0,1( mod 4)
only covariants with m = 0,1( mod 4) are nonzero, while when d = 2, 3(
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mod 4) only covariants with m = 2,3( mod 4) are nonzero. For states with
a definite parity, this means that an m index bilinear in the Majorana basis
must have m = d( mod 4) in order to be nonzero.

Pure spinor conditions

As a first application of these covariants, let us write down the condition for
|1) to be a pure spinor. We have seen that any pure spinor can be regarded
as a vacuum generating the Fock space F so we can use identical argu-
ments as in sec. 2.4.1, leading up to the uniqueness of the Mukai pairing, to
conclude that

(¢, p™...p*™1h) = 0, unless m = d, (2.79)

where {p™}d _, C E7, is a basis of creation operators with respect to the
quasi-particle vacuum |¢). It turns out that these are actually sufficient
conditions for |¢) to be pure. It can be shown [19] that the condition

KW ..1,, = (Y,er,...er,, ) =0, m=1,2,...,d—1 (2.80)

implies that [¢) is pure. For k-particle states 2%, ...a,p® ...p™|0) one can
show that these conditions reduce to the Pliicker relations [37]

wal[ag...akwbl...bk} = 07 (281)

which are the neccessary and sufficient criteria for a k-particle state to be a
Slater determinant [38].

2.4.3 Coarse graining: nullity and pure index

Though extending the fermionic SLOCC group to I'y is a good coarse grain-
ing of the orbit structure, it is not good enough in the sense that finding the
extended SLOCC classes still becomes untractable for large dimensions. To
overcome this difficulty, it is a common method to try grouping SLOCC or-
bits into families based on some SLOCC invariant property that we think is
important. We will see some examples of this in chapter 3. Here we would
like to mention a way one can coarse grain the classification problem of
spinors when the number of dimensions is large, see e.g. [39, 40]. First, we
define two invariant quantities.

e We have already met the notion of the annihilator subspace £, C
W @ W* of a state |¢) in section 2.3.3. It is just the subspace of cre-
ation/annihilation operators which annihilates the state |¢)). We have
seen that dim F;, < d where we have equality only for pure spinors.
This is the reason why pure spinors are called quasi particle vacuum
states: they are annihilated by exactly half of the mode operators.
Now for a general state the quantity

Null(¢) = dim E,, (2.82)

called nullity, is clearly an invariant under the action of I'. Indeed, we
easily see that for g € I' we have E,, = OyEy, see (2.9). Note that
the nullity is easy, though for large dimension computationaly costy
to compute. It is just the dimension of the kernel of the I'-covariant
linear map W @ W* — F*, z s z[t).
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o The other quantity is called pure index. It is defined to be the minimal
number of pure spinors we need to add up to obtain the state [¢), i.e.

P(¢) = min{m| 1)) = Z |pi) where |p;) are pure spinors}. (2.83)

i=1

To see that this is indeed a I'-invariant quantity note that the image of
a pure spinor under g € I' is clearly a pure spinor, so that acting with
g on a minimal decomposition of |¢) shows that P(gy) < P(¢). Con-
versely, acting on a minimal decomposition of g|i) with g~! shows
that P(¢) < P(gv). It follows that P(gy)) = P(v). It is clear that the
pure index is a Fock space generalization of the Slater rank [41, 42],
the minimal number of Slater determinants required to form a fixed
particle state through linear combination. The pure index of such a
state is clearly less than or equal to its Slater rank. We note that the
pure index is hard to compute: to the authors knowledge there is no
algorithm to date to compute the pure index of a general state.

The dimensions of the collections of extended SLOCC orbits with a
given nullity was computed in [39]. Let us consider the even or odd particle
subspace F* of the fermionic Fock space of a d dimensional single particle
state space. These have dimension 2¢71. Let us define the sets

7= {l¥) € FE[Null(y) = m}, (2.84)

which are clearly a collection of some number of extended SLOCC orbits.
The key result of [39] is that

1
dim¥d =1+ d(d—1),
23_1, 23_2, 23_3, 23_5 are empty,

dim X" = m(2d — %(3m +1) 42 Y orm=d—4andm < d — 5.
(2.85)
The first number dim ¢ is the dimension of the pure spinor orbit. This
agrees with the dimension coming from the explicit form of the orbit (2.53).
We also have dim 39 = 2?~! which shows that X3 is dense in F*: a generic
state has nullity 0.

This classification can be refined in principle by adding the pure index
which allows one to group the states into families X;"* where p is the pure
index of states in ¥/, This gives a finite number of families as we clearly
have P(¢) < 2471, since F* admits bases consisting of pure spinors. How-
ever, for this grouping to be useful, we would need a method to calculate

P().

2.4.4 Isomorphisms between F~ and F*

When the number of single particle modes d is odd, we have a natural
way of identifying the odd and even particle subspaces F~ = A°“W and
F+ = AvenI¥. This is via particle-hole duality A¥W 22 AY=FI¥*. Instead of
this, in this subsection we would like to consider the linear invertible maps
between F~ and F T, for general d, which are generated by odd elements of
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the Clifford group I'. These maps act as intertwiners between the action of
the extended SLOCC group I'y on F~ and F*. We may acually write any
odd element g € T" as g = vgg, where gy is an extended SLOCC transforma-
tion gg € I'p and v € V is a vector of creation and annihilation operators. It
is then sufficient to take gy = I and consider the map

|9) € AT 1 v|p) € AV (2.86)

Now we would like to work out the properties of this intertwiner. In order
to do this define the following linear map for each v € V, v? = (v, v)I # 0:

Vo:V =V,

2.87
z = Vy(z) = (Ulv)vxv (2.87)

It is not difficult to see that C )vxv is indeed an element of V:

! - v, z}v — zv? :2(1]’9:)

Obviously, V, is just a reflection. Let us define its matrix as V,(ey) = Ve
which is then an element of O(V') and squares to the identity. Using this
matrix, it is easy to write down how a general covariant transforms under
the action of the intertwiner (2.86), given that v? % 0.

(K(U¢))Il~--lm = (U¢7 eIl elmv¢)

(¢7vellv U€I7nv¢)

v — . (2.88)

= v) (2.89)
= (v, )V 111 1, (9, exe1;, 9)
= (v,v)V1; "le(K(Qb))I{...I;@'

In particular, all realtive invariants agree up to a rescaling by a power of
(v,v). These maps are indeed intertwiners for the acion of the extended
SLOCC group between F* and F~

vglo) = (vgv~vlg), g € To. (2.90)

Since vectors with v? # 0 exist in any dimensions (e.g. elements of the
Majorana basis), the orbit structure of 7+ and F~ agrees. We note that
these intertwiners are closely related to T-dualities for topological strings,
see sec. 4.2.4.

2.4.5 Fermions and qudits

An important feature of the introduced notion and formalism of the fermionic
extended SLOCC group is that it can be used to learn things about entan-
glement between distinguishable systems. In order to see this, consider
the composite system of n distinguishable subsystems with Hilbert spaces
of dimensions dj,...,d,, respectively. The whole system has Hilbert space
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H =Ch ® ... C. A pure state of this system is described by the vector

dy dn
) =3 o D Vo li) ® . ® i) € H. (2.91)

H1=1 pn=1

Now consider a system of n fermions with single particle Hilbert space
H = Ch @ ... ® Cd where there is a sum between the original Hilbert
spaces instead of a product. The fermionic Hilbert space is now A"H'. Any
|¢) € H can be embedded[43] in this space using the map

di dn

) = [Py) = > Yy i p Pttt gy (2.92)
m=1l  pn=1

This embedding has the nice propierty that it also embeds the SLOCC group
of the distinguishable system into the ordinary fermionic SLOCC group in
a nice way. The SLOCC group of the distinguishable system is GL(d;,C) ®
... ® GL(dy, C) acting locally as

@bm...un = (gl)/.llyl“‘(gl)ﬂnyndjln...l/n?

(2.93)
g1 R ... 0 g € GL(d1,C) ® ... ® GL(d,, C).

These transformations are implemented via the fermionic SLOCC transfor-
mations of (2.42) as

g1
G = S GL(H’) (2.94)

9n

This shows that states of the embedded system on the same GL(d;,C)®...®
GL(d,, C) orbit are on the same G L(H’) orbit when considered as fermionic
states. Hence the entanglement classes of the fermionic system give a coarse
graining of the classes of the distinguishable system.

Note that the embedding (2.92) has a nice physical interpretation. Con-
sider n nodes where fermions can be localized and on the kth node a fermion
can have dj, internal states. These nodes can be energy levels of atoms or
nodes in a lattice or anything alike. The subspace of the n fermion Hilbert
space A"H' defined by (2.92) is just the single occupancy subspace of this
node interpretation: where we allow only states where on each node there
is exactly one fermion. If we prescribe this condition it is clear that the
fermions suddenly become distinguishable and the resulting Hilbert space
is just H.

For a further coarse graining we may regard (2.94) as an element of the
extended SLOCC group. This allows one to realize more exotic ways of
describing qudit systems as part of a fermionic system[P.2, 44]. Indeed, for
example take an arbitrary element & of the Clifford group I' and consider
the embedding

) = h|Py), (2.95)

where |Py) is defined in (2.92). The states h|P,) can be rather exotic com-
pared to the previous simple node picture, e.g. they can be superpositions
of states with different fermion number. Nevertheless, the original SLOCC
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transformations of the distinguishable system are clearly implemented as
extended SLOCC transformations hgh ™!, where g is the ordinary fermionic
SLOCC transformation given by (2.94). We will see examples of such exotic
embeddings in section 3.4.3. For a recent extended discussion, we refer the
reader to [44].

2.5 The Hermitian inner product

2.5.1 Canonical real structure

We have seen that there are many useful structures on the fermionic Fock
space which exist solely because of the requirement that the Fock space
should represent the canonical anticommutation relations. In addition to
these, a physical fermion Hilbert space also posesses a Hermitian inner
product!! (.|.) associating probability distributions to states and observ-
ables. This inner product originates from an inner product of the single par-
ticle state space H, which is from now on rightfully called a Hilbert space.
This introduces a real structure on the space W & W* of creation and anni-
hilation operators: for an orthonormal basis (¢|e/) = §'; one has p’ = (n;)T:
the creation operators are the adjoints of the annihilation operators. Stated
in a more formal way, for every state v;|e’) € H one can associate a creation
operator p, = v;p’ and for every dual state u’|e;) € H* one can associate an
annihilation operator n,, = u’n;. The inner product introduces an antilinear
map A : H — H* defined as A(v)(w) = (v|w). Then the adjoint defined
from this inner product satisfies (n A(U))T = Py

Recall that on every fermionic Fock space there is a canonical invariant
bilinear pairing, which we have described in section 2.4.1. When we have
an additional Hermitian inner product, the two can be related giving rise
to an antilinear map of F [P4]. We define this antilinear automorphism
x : F — F of the Fock space as!?

X :10) = x(19) = 19),

- (2.96)

We will denote this conjugate state of |¢) with x(|¢)) = |¢). Using the
form (2.65) with the assumption that we chose a normalized vacuum we
can write this as

d(d—1)

(0](@)1wjo) = (1) = (0]Q®"¥|0), (2.97)

from where we can read off the action of x on an arbitary state:

d(d—1)

[9) = (=1 = (2@")'|0). (2.98)

"We have used the Dirac ket notation for states so far. We will use the bra-ket notation for
the Hermitian inner product from now on. We can think about this as now we are allowed
to flip ket vectors to obtain bra vectors.

12We note that this conjugation operation was first considered in [45, 41] in the special case
of two fermions with four single particle states (see sec. 3.2). Here we give its definition for
arbitrary fermionic states. We now see that a self dual basis, called a magic basis in [41], is
nothing else but a basis consisting of Majorana spinors.
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N . TR | ' dd=1) i
Owdi}j? easy to see that Q' = n)..n] = (=1)" 2 ny..n) and hence
(—1)" 2z QF|0) = |top). One is left with
[9) = (@")T[top). (299)

The adjoint conjugates every amplitude in ® and changes creation opera-
tors to annihilation ones with reversing the order. The transpose restores
the original order i.e. for

o = ¢ 4 pMnf 4 ¢2> fnf . (2.100)

one has
(@) = ¢ + (M), + %(%”)Unmj T (2.101)

This shows that |) is short of a particle-hole dual of |¢) with an additional
complex conjugation: the complex conjugate state is annihilated out of the
fully filled state. This picture is reassured if one calculates the action on
Slater determinant states:

t 1 k(k—1) 1 t t
X(”il---”ik|0>):(—1) 2 mfil...ikjk+1..,jdnjk+l--.njd|0>. (2.102)

d(d—1)
2

From e.q. (2.98) it is easy to see that x? = (1)
x or ix is an antilinear involution and hence a real structure. Since yx is
uniquely defined by the Hermitian inner product it follows that fixing a
Hermitian inner product on H is equivalent with fixing a real structure on
F.

The particle-hole picture for this conjugation can also be seen from the
matrix elements of the one particle reduced density matrix, see (2.32). Using

that x ' =(-1) At x and e.q. (2.62) it is easy to see that y is antiunitary:
(p|Y) = (|¢). Using this the following result is straightforward

(1| Adho) = (11, Avdo)

(
= (A1, ) (2.103)
= (x(A"d1)[x(¥2))

= (o] A'y), YA€ CLiff(V),

hence the expectation values of operators in the conjugated state are just the

expectation values of the Clifford transpositions of (2.5). Since (nj

njn} =5 — n;rnj we indeed have a particle-hole relation

n;) =

piy = (Wlnitnd) = 6% — (lnifnj) = 6% — o, (2.104)

between the matrix elements of the one particle RDM of the state and its
conjugate.
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2.5.2 Unitary Bogoliubov transformations

Now let us consider unitary elements of the Clifford group with respect to
the Hermitian inner product, i.e. u € I' such that

(uplug) = (¢[9). (2.105)

A consequence of this relation is that that (unu=")" = u(nf)u=" i.e. the Bo-

goliubov transformed creation operators remain the adjoints of the trans-
formed annihilation operators. Let us restrict our attention to the identity
component of the spin group Sping(V'). Unitarity of u = e®* € Sping(V)
translates to anti-Hermicity of the generator s given explicitly in (2.15) One
can check that this means that the matrix A%, must be anti-Hermitian and
the matrices B, C must satisfy (BT)ab = —C thus the group of unitary
Bogoliubov transformations is restricted to SO(W & W*) (" SU(W & W*).
Let us identify what this group is. With the inner product matrix g of (2.66)
the SO property of the matrix O, defined via (2.9) reads as 0, gO% = g. On
the other hand, clearly O}, = O;!. Combine the two to get the following
reality condition

Oy = gOug. (2.106)

Now we shall prove that the subgroup of SO(W & W*) = SO(2d, C) satisfy-
ing the above reality condition is just the compact real form SO(2d,R). The
inner product matrix g7 in the basis of orthonormal creation/annihilation
operators {p®, ny} = ;' reads as

g= (%) , (2.107)

where I is now the d x d identity matrix. Define the 2d x 2d unitary matrix

N:\}i<§ _ij> (2.108)
which diagonalizes g
gN = Ngo, (2.109)
where we have defined
9o = ( é _OI ) . (2.110)

Now we show that the map O + S = NTON is a group isomorphism from
the subgroup {O € SO(2d,C)|O* = gOg} to the group SO(2d,R). Indeed,
it is very easy to directly check that gN* = N and hence N7 = N fg. We
have

SST = NTONNTOTN* = NTgN* =1, (2.111)

hence for every unitary O satisfying OgO? = g, Sis an element of SO(2d, R).
For the converse, we have to check whether O = NSNT is a unitary matrix

with the condition OgO” = g satisfied for all S € SO(2d,R). It is obvious

that O is unitary. For the other write

0gOT = NSNTgN*STNT, (2.112)
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but again gN* = N so
0gOT = NSNTNSTNT = NSSTNT = NNT = ¢. (2.113)

Notice that by restricting our attention to particle number conserving
transformations i.e. setting By, = C% = 0 in (2.15) we end up with the
usual local unitary transformations (LU) corresponding to invertible LOCC

transformations. Indeed, an unitary element u = e2a"P"m] of the spin
group has the following action on creation operators

upu~t = (eA)bapb. (2.114)

As Ay is an anti-Hermitian, (e*);” is an unitary matrix.

2.5.3 Extended density matrix

Now recall from secion 2.2.2 that the matrix elements of the %k particle re-
duced density matrix of a state |1)) are

i1k

Py = WP g, ). (2.115)

For a state with a fixed number of particles only expectation values of the
product of the same number of creation and annihilation operators is non-
vanishing. However, if [1/) is a general element of 7+ this set of matrix el-
ements misses information contained in expectation values like (¢)|ng,ny1)).
It is clear how to add this information to p: we need to extend our def-
initions of k-particle operators of section 2.2.2 to incorporate all operators
which are combinations of at most k-tuples of arbitrary single particle mode
operators:

OW®) = (A}, 1€ e} (2.116)

Notice that there is no longer a need to take the union of bilinears with
2] < 2k operators as with an appropriate choice of the Ay, 1, and the use
of {er,es} = 2gr;1 we can produce operators which are actually tuples
of 2l < 2k number of mode operators. The reason for allowing only an
even number of modes comes from the requirement that physical operators
should not change the parity (statistics) of a state.

Defining the sets O%) as k-particle operators is in fact even more natural
in the Clifford algebra setting. This is because a Clifford algebra does not
have a Zy4 grading into rank 2d objects and hence the sets of k-particle
operators defined in section 2.2.2 depend heavily on the choice of basis.
Instead of this, all Clifford algebras have a natural filtration

00 c 02 « o2 c 0@ = liff(V), (2.117)

into elements containing linear combination of at most 2k modes. This is
independent of the choice of basis.
Now the requirement

(| AY) = Tr(p®™ 4), VA e OF) (2.118)
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fixes p*) to live in O%) with coefficients

(0N 1.1 = (Wler, - en, ), 2.119)

which contains the ordinary k particle density matrix elements and any ad-
ditional anomalous pairing with 2k modes. Following [34], we will call this
object an extended reduced density matrix'3. For example, the single particle
extended reduced density matrix is

W _ ( Wl na) <¢\p“pbiw>)
g <<¢Inbnaf¢> Wl v) ) (2.120)

Now there is a way of relating this extended density matrix to mode
entanglement by a slight modification of the argument at the end of sec-
tion 2.2.2, due to [34]. We consider the same quantity as there, the average
entanglement entropy of a single mode with the rest

d d

> Ei() =) h((Wlpinp)), (2.121)

j=1 j=1

and minimize it again, but instead of minimizing only over different choice
of basis vectors in W, now we minimize it over different choice of basis
vectorsin V = W@ W™, i.e. we allow Bogoliubov transformations to reduce
the value. It is clear that the minimum is reached at the basis diagonalizing
the extended reduced density matrix pM). Indeed, we may rewrite (2.121)
as

d 2d
STEW) =D F((Wlelery)), (2.122)
Jj=1 I
where f(r) = —zlogz, ! = (p% np) and the index is lowered with the

inverse of the inner product matrix g’/ satisfying {e!, e’} = ¢!’ I as usual.
Using concavity of f it is then manifest that

2d 2d 2d
STfWleler)) = Y (0N (ORI F(6FAK) = Y f(Ak),  (2.123)
I=1 I,K,L=1 K=1

where O is a unitary Bogoliubov transformation, described in section 2.5.2,
diagonalizing ( p(l))l 7, while Ak are the eigenvalues of p(k). It is clear, that
these latter come in pairs: A + Ay4q = 1, K = 1,...,d. This again gives
a state dependent way of connecting mode entanglement to entanglement
based on classification under the extended SLOCC group: the latter can be
regarded as describing the average mode entanglement between a single
eigenmode of the extended density matrix with the rest of the eigenmodes.

We note that by studying the extended density matrix p(?), the authors
of [34] recover some of the extended SLOCC invariants, like the ones that
will be discussed in section 3.2. This is not a coincidence, as we describe in
the following section.

BWe could annihilate the words extended and reduced with each other and call this object
a density matrix, but that would only increase confusion.
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2,54 SLOCC covariants and reduced density matrices

Notice the following duality. Invariants and covariants of the local unitary
group are calculated from the Hermitian inner product. These in particular
involve elements of the reduced density matrices, extended reduced den-
sity matrices and also their Rényi entropies. On the other hand, SLOCC
covariants and invariants are calculated from the invariant bilinear pair-
ing of (2.65). One then sees that the role of the conjugation (2.96) is to allow
one the calculation of SLOCC invariants with the use of the Hermitian inner
product. We now make this more explicit and relate reduced density matrix
elements to extended SLOCC covariants[P.4]. This is done via using Fierz
identities for spinors. We will later see in secion 3.4.4 that the entangle-
ment monogamy equations of [27] for three qubits are direct consequences
of such a Fierz identity.

To derive the general relations between reduced density matrix elements
and SLOCC covariants, first note that there are two type of projections de-
fined from the two inner products. The first is the usual one defining den-
sity matrices from pure states:

Pw F = ]:,
¢) = (L]d)]).

We can write this as Py, = |¢)(1|. The other one is defined from the invari-
ant bilinear product:

(2.124)

Py:F — F,
(2.125)
|6) = (¥, D))
From the definition (2.96) one sees that this can be written as Py, = [1)(1)].

d(d—1)

On the other hand from (2.65) we have P, = (1)~ 2 ¥Q¥’. We would
now like an expansion of P, and P’y in terms of density matrix elements
and SLOCC covariants respectively. To obtain this we employ that since
Clif f(W @ W*) = End(F) the trace of an arbitary Clifford algebra element
is well-defined. Let {|J;) 1221 be a basis of F and |9*;) be the dual basis with
respect to the product (.|.) while |9?) is clearly the dual basis with respect
to the product (., .). We have

)

TrA =) (9%|A0;) =Y (97, A,), A€Cliff(WeW").  (2126)

It is obvious that this trace with the previously introduced projections sat-
isfies
Te(APy) = (Y] A), (2.127)

and
Tr(APy) = (¢, Ay). (2.128)

Now choose a basis {OZ}fidl of Clif f(W @ W*) and denote its trace-dual
with 0% ie. trf'0; = &';. A self-dual basis for example can be obtained
from a Majorana basis (see (3.42)) of W & W* as {%'y[h...wk} H{Ii,.... I} C
{1,..2d}, 0 < k < 2d}. Using such a basis to expand P, and P, and
e.q. (2.127) along with (2.128) with A = 0, it is straightforward to get the
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expansions

’ . (2.129)

Notice that the coefficients of P, are nothing else than matrix elements of
the extended reduced density matrices, see (2.119), while the coefficients of
P, are the extended SLOCC covariant bilinears of section 2.4.2. Using these
expansions we can easily derive our final results

(, AY) (1, B) = (BY|) (| Ap) = > (0|BI6"Ap)(4|6:0),  (2.130)

7

and

(| AY)(D[BY) =Y (1, 0:46) (v, (A67B)Th), (2.131)

(2

valid for all A, B € Clif f(W & W*). Physically speaking the first relation
expresses that a SLOCC covariant multiplied by its conjugate can be ex-
panded with the use of reduced density matrix elements of the state and its
conjugate or “spin-flipped” dual, while the second relation is basically the
inverse of the first. Mathematically speaking these equations relate spinor
bilinears between the spinor |¢)) and its conjugate |¢)) with the bilinears
of these spinors with themselves. These kinds of relations between two
spinors are called Fierz identities[46] in the theory of spinors.
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Chapter 3

Results on SLOCC
classification of certain
fermionic systems

The previously introduced classification problems are in general very hard.
In this chapter, we will review the available results, which are for d < 9 sin-
gle particle modes, and comment on some of their physical interpretations.

There is an interesting common point in all of the mode numbers dis-
cussed bellow. For d < 8 the orbit classification is entirely governed by the
covariant K (¢)r,..1,_, with d — 4 indices.

3.1 Two and three modes

Let us discuss briefly the d = 2 and d = 3 cases, which both turn out to be
trivial. In the case of d = 2 the single particle space is # = C2. The full Fock
space is C & C? & A2C? with even and odd components:

Ft=CaoANC?,
e (3.1)
which are simply one qubit Hilbert spaces. Take
= ¢0[0) + ¢up'p?(0) € F T,
|#) = $0l0) + é:p p”|0) (32)

) = ¢;p'|0) € F~.

In the case of |¢) the generators (2.15) act as C|)) = B|y) = 0 thus only the
A generators have nontrivial action on 7. This means that we only have
to consider the action of GL(2,C) C Spin(4,C) which is just the SLOCC
group of the trivial one-qubit system.

Note that both |¢) and |¢) are pure spinors. Indeed, we see that |¢)) is
manifestly of the form (2.48), while |¢) can be written as

) = doexp <@p1p2> 10), (3.3)
bo
hence both 7' and F~ forms a single orbit under the extended SLOCC

group.
Now let us briefly consider the three state system H = C3. It is clear
that we only need to consider one parity due to particle-hole duality. This
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is always true when d is odd. Let us pick 7' and write a general vector as

6) = (o + d1°P° + ¢op' P’ + d3p'p?)(0). (34)
It is again clear that this can be written as

1
b0

and hence every state is a pure spinor.

Moving to ordinary SLOCC classification the only case not immediately
trivial is the case of the two particle subspace, where a general state reads as
%¢i;p'p’|0). But all 3 x 3 antisymmetric matrices have a degenerate eigen-
vector and hence using the canonical form of the 3 x 3 array ¢;; we see that
|¢) can be written as a wedge product of two vectors and hence it is always
a Slater determinant.

|¢) = ¢oexp < (p10%p% + dop'p® + ¢3p1p2)> 0), (3.5)

3.2 Four modes

3.2.1 Extended SLOCC classification

Here the single particle spaceis H = C*. In the case of even particle number
Ft we parametrize a state as

1 1
[8) =110} + 5 €ap"P"10) + Pabcar”p"pP*|0)- (36)

41
The covariant, relevant for the classification, is the one with d — 4 = 0 in-
dices, i.e. the quadratic invariant

(¢,9) = 2np — 2Pf(¢), (3.7)

where the Pfaffian of the antisymmetrix matrix ¢ is Pf(§) = 535;¢7%&;;¢0.
The orbit of pure spinors has (¢, ¢) = 0. Indeed, the additional bilinears in

the pure spinor conditions (2.80) in this case are

1

K(8)15 = (&, [5ler,es] + 5{ene)1o)

= 917(¢, 9),

as the commutator piece gives zero due to the symmetry of the product. We
see that (¢, ¢) = 0 implies the pure spinor conditions on |¢).
Now let us move on to 7. Take an element |¢)) of 7~ parametrized as

(3.8)

1

o7 Pavedp'p?]0). (3.9)

1) = vap®|0) +

For this we have 1
(% 1/}) = gvapbcdeabai, (3.10)

showing us in particular that for a three fermion state with v; = 0 no en-
tanglement can occur. This can also be understood to be a consequence of
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the duality A3C* = ALC. The spaces F* contain two Spin orbits respec-
tively (other than the zero vector) [35] one with (¢, 1) = 0 (the orbit of pure
spinors) and one with (1, 1) # 0.

3.2.2 SLOCC classification

Consider two fermion states which are of the form (3.6) withn = p = 0.
The pure spinor condition (¢, ¢) = —2Pf(£) = 0 requires the antisymmet-
ric matrix &, to be degenerate which in four dimensions is neccesary and
sufficient for the state to be separable. Again, there are two orbits under
SLOCC, one with Pf(¢) = 0 and one with Pf(§) # 0. Note that for normal-
ized states the quantity 0 < 64|Pf(£)| < 1isjust the canonical entanglement
measure used for two fermions with four single particle states[42].

3.2.3 Two qubits and the Wootters spin-flip

An arbitrary two-qubit state

= > xili) @) (3.11)

i,j€{0,1}

can be embedded into this fermionic system via (2.92) as[43, 31]

)= > xip ). (3.12)

i,j€{0,1}

Under this embedding the entanglement measure 64|Pf(§)| = 2| det x| is
just the usual pure state concurrence (1.4). We can also express the some-
what arbitrary spin-flipp operation of (1.12), required to calculate the two
qubit concurrence, in the fermionic language. The two body density matrix
p: A2C* — A2C? defines an element of the Clifford algebra of four modes
as

p = pap“nfin}|0)(0lncng, (3.13)

where [0)(0| = Hﬁzl ngnd, Now let us determine what happens with the
matrix elements of p under the Clifford transposition (2.5). To do this, we
use (2.103) and (2.102) to arrive at

p' = Bap“nlni]0) (Olncna, 614
- 1 ! /g1 .
Pab cd — Zeaba’b’pa bc/d/GCdc d )

This dual fermionic density matrix was first considered in [41] in the con-
text of entanglement!. Here we have shown that it is nothing else but the
Clifford transposition of the original density matrix. The two qubit den-
sity matrices are recovered by considering fermionic density matrices re-
stricted to the single occupancy subspace. Then this expression recovers
(1.12). This means that the spin-flip operation naturally descends from the

!The entanglement of formation for mixed states of this system can be calculated from
the eigenvalues of pp’ in a similar way as it is done for two qubits, see [41]. We point out
here that pp' is a covariant object under the action of I'y while p and p" alone are not.
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Clifford transposition of (2.5). For pure states one has

p=e)wl, o =1d)(Dl, (3.15)
where |1)) is the conjugate state of (2.96). We have
(¢, )]* = Trpp, (3.16)

which is a special case of the Fierz identity (2.130) relating density matrix
elements to SLOCC covariants, with A = B = [.

3.3 Five modes

3.3.1 Extended SLOCC classification

We note again, that in the case of an odd dimensional single particle space
FTis dual to F~ so one only has to consider one of them. We parametrize
a state from F71 as

1 1
‘(Z)) = 77|0> + gfabpapb|0> + Ixeﬁeabcdpapbpcpd|0>' (3'17)

The relevant covariant is the one with d — 4 = 1 indices, i.e. K(¢); =
(¢, er¢). A short calculation shows that the components of K (¢) are

= %UXG - %gbcgdefabak,

(3.18)
and by construction it transforms as an SO(10, C) vector under Spin (10, C).
A quartic invariant can be constructed as K (¢);K(¢)! but this turns out
to be identically zero. However, 71 consists of two orbits[35] one with
K(¢)r = 0 (the orbit of pure spinors) and one with K (¢); # 0.

K((b)a = (¢7na¢) = 2§abXba K(¢>a = (¢7pa¢)

3.3.2 SLOCC classification

The only nontrivial case is the one of two fermions with five modes. The
case of three fermions is obviously dual to this. We set » = 0 and x* =
0 in (3.17). These states are then single Slater determinants if K(¢)* =
%&Cfdee“bc‘ia = 0. The antisymmetric coefficient matrix &,, can have rank
at most 4 which is decreased to 2 if this quantity vanishes. These are the
only two SLOCC orbits.

3.4 Six modes

3.4.1 Extended SLOCC classification

Here H# = C and the Fock space is of dimension 64. Let us begin with the
32 dimensional even particle subspace F .
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We parametrize a general state with two complex scalars 7, £ and two
antisymmetric 6 x 6 complex matrices y and x in the following way

1 cde
o €abede P! |0) 319
abcdef‘0>’

1
6) =110 + Syusp™[0) +
+ aéeabcdefp
where we have introduced the shorthand notation p®* = p%p®...p*. The

covariant governing the classification is the one with d — 4 = 2 indices, i.e.
K(¢)! ;. It has components

I _ [A¢]ij [B¢>]i"
K@) ;= ( e A¢]§{/ ) : (3.20)

where

) . ) 1
[Acb]lk = <¢7plnk¢) = Q‘rmyak - (2Tr(xy) + 77{) o
[B¢]jk = ((Z)v n]nk¢) = %xabedEchdjk — 2§yjk7 (3.21)

[Cy)" = (¢,p'P'0) = yabycdeade” — 2z,

Notice that K(¢);;, being a two index antisymmetric covariant (recall that
(¢, ¢) = 0 due to the antisymmetry of the product in d = 6), is an element
of the Lie algebra of Spin(V). For this reason, the map [¢) — K(¢),, is
sometimes refered to as the moment map. An easy calculation shows that
we have a non-trivial quartic invariant

Qeven(qb) = %K(QS)IJK(gb)JI

2
= (775 + 1Tr(y1:)> + 4nPf(x) + 4€Pf(y) — % ((Tr(y:z:))2 — 2Tr(y:cya:)) ,

2
(3.22)

where we have introduced the Pfaffian of an antisymmetric matrix Pf(x) =

b, .cd
3!23 eabcdefxa adge,

It turns out [35] that there are four distinct orbits of the extended SLOCC
group I'g. These are closely related to SLOCC classes of three qubits, as we
will soon see. Because of this reason, we call the classes separable, bisep-
arable, W and GHZ. Compared to three qubits, the difference is that there
is only one orbit in the biseparable class?>. We can list representatives from
all of the classes. Consider a state parametrized by four complex numbers
a, b, c,d defined by

0 e 0 0 0 O
—-a 0 0 0 0 O
0 0 0 b 0 O
n=0, y 00 b0 0 o | =0, £=d. (3.23)
0 0 0 0 0 ¢
0 0 0 0 — O

2We will later see that the reason for this is that we can embedd three qubits in a system
of three fermions. The SLOCC group of this system contains the permutation of qubits as
well, hence there is no distinction between the biseparable classes.
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For these states we have K (¢)! | K(¢)7, = 4¢Pf(x) = 4abed. The values
of the four parameters for the different classes can be found in table 3.1. The
structure of the classes can be seen on figure 3.1.

Class rank K(gf))IJ K(qS)IJK((;ﬁ)J] Null(z)) \ a b ¢ d
GHZ 12 #0 0 1 1 1 1

W 6 0 0 1 1 1 0
Bisep 2 0 2 1 1 0 0
Sep 0 0 6 1 0 0 O
Null 0 0 12 0 0 0 O

TABLE 3.1: Separation of the orbits of 7+ using the covari-
ant K(¢)! ;, canonical forms for 71 and nullity (2.82) in six
dimensions. The parametrization is given in (3.23).

w GHZ

iSep

p
o

FIGURE 3.1: Extended SLOCC classes for fermions with six

single particle modes. An arrow points from class A to class

B if there is a degenerate SLOCC transformation turning a
state in A to a state in B.

Let us move on to the odd particle subspace, 7. A general state can be
parametrized as
1

Pabcpab6’0> + gwlelabcdepab“lem% (324)

a 1
’¢> = Uqgp |O> + ?

where u and w are six dimensional complex vectors and P is a rank 3 anti-
symmetric tensor. The components of the covariant (3.20) read as

[A¢]ik = 2wy, — (Kp)ik — wauaéik,

[Boljk = 2Parjw®, (3.25)
A 9 A
[ng]ll — 5uapbcdezlbcda,

where we have defined the matrix

(Kp)zk = ﬁplmbpcdeembaie, (3.26)
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which, as we will see, is important in the ordinary SLOCC classification of
the three particle subspace. The nontrivial quartic invariant is

Qodd (V) = %K(T/})IJK(I/J)JI = (wiui)2 — %wiuj(Kp)ji + %TIKJ%. (3.27)

The orbits under T’y are in one to one correspondence with the case of F+
and the ranks of K (1)’ are the same as well. Hence, table 3.1 and figure
3.1 applies to this case as well.

It is clear that K (¢)! ; defines an element of the Lie algebra s0(12, C) as
TrK (¢) = 0 both in the even and the odd particle case. The corresponding
generator can be represented on the Fock space as (Ky). = (K (¢))! [e”, er],
see (2.15). One can prove with explicit calculations that the states

Geven/odd (gb)
|7) = (1 - 1(K¢)*) 4),
\/ qeven/odd(¢)

are both pure spinors for all |¢) € F* in the respective GHZ class. Moreover,
they have a vanishing Mukai pairing: (¢,®) = 0. This gives a canonical
decomposition of a GHZ state |¢) as a sum of two pure spinors:

(3.28)

gy = 1P E1P) ; 23 (3.29)

so we see, as a byproduct, that the pure index of this class, defined in (2.83),
is 2. Finally, notice that the dual state

=P L (ke (3.30)

2 \/ QGven/odd((b)

transforms exactly the same way under the extended SLOCC group C* x
Spin(12,C) as |¢). Indeed, the factors of the Clifford norm a,; coming from

(Kg)« and ﬁ cancel each other, see sec. 2.4.2. The extra factor of
even/odd

—iisjust a convention for now, we have inserted it in for later convencience.

3.4.2 SLOCC classification

There are two inequivalent nontrivial setups for six modes. One of them
is the case of two particles, this is identical through particle-hole duality
to the four particle case. The other is the case of three particles, which is
the smallest setup with genuine tripartite entanglement. There are many
interesting features of this latter case which is lately dubbed in the literature
as the Borland-Dennis setup.

Let us briefly discuss the simpler case of two particles. In the notation
of (3.19), we have ¢ = n = 0 along with 2% = 0. The ordinary SLOCC
classes are resolved by the rank of the coefficient matrix y,5, which can be
2 (separable), 4 or 6. The single SLOCC invariant, as always in the case of
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two particles with an even number of modes, is the Pfaffian of y i.e.

1
Pf(y) = @ﬁawef Yab¥edYef - (3.31)

Now we move on to the case of three fermions[20]. The states of interest
are obtained by setting u = v = 0 in (3.24)

1

1P) =3

abeD""(0). (3.32)
The 12 x 12 matrix K(P)!; reduces to the direct sum of the 6 x 6 matrix
(Kp) ; (see (3.26)) with minus its transpose. Its rank is therefore rank K (P), =
2-rank K p and the claim is that rank K p is enought to resolve all the SLOCC
classes, namely if rankKp = 6,3, 1, or 0 then |¢) belongs to the GHZ, W,
biseparable or separable class respectively[20, P.3], see table 3.2. We may
give representatives of each orbit in the following way

|Po) = ap'®|0) + Bp'*(0) + yp**°|0) + 6p™°|0). (3.33)

It follows that the SLOCC classes of three fermions with six single particle
states and the extended SLOCC classes of fermions with six modes are in
one to one correspondence with each other. The quartic invariant reads as

1

6TrK,%, (3.34)

D(P) = S K(P) K(P)Y,

which is just the usual quartic invariant of three fermions with six single
particle states[20].

Class | « B v § |rank Kp TrK}

GHZ | #0 #0 #0 #0 6 #0
W | #0 #0 #0 =0 3 0
Bisep | #0 #0 =0 = 1 0
Sep | #0 =0 =0 =0 0 0
Null | =0 =0 =0 = 0 0

TABLE 3.2: Separation of the orbits of A3C® under SLOCC
using the matrix K p. The parameters of the canonical form
(3.33) are listed as well.

We note one additional feature of the matrix Kp which will be useful
later. By using the canonical form (3.33) it is easy to see that

K% =D(P)I, (3.35)

which, by covariance, is true for all states. It follows that Kp is nilpo-
tent when |P) is not from the GHZ orbit. It has three Jordan blocks for
W class states, and two for biseparable states. For GHZ states, it has two
eigenspaces, each of dimension 3, with eigenvalues +,/D(P). Let us de-
note the single particle creation/annihilation operators diagonalizing Kp
with p§ and ne +, o =1,2,3, i.e.

(P,plns..P) = Fv/D(P)35. (3.36)
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Now consider the product states
|Qab8> = p}ngpgm% av b7 c= i) (337)

which form a natural basis of three particle states corresponding to the
eigenmodes of Kp for a GHZ state |P). They are clearly orthogonal with
respect to the Mukai pairing: (Q441,Q___) = 0. Now consider the gen-
erator (Kp). = (Kp)?,p’n, which is a special case of (2.15). We have the
identities

(1 + Dl(P) (KP)*> 1P) = Q444

1
(1 - <KP>*) Py =0___),

(3.38)

which are then the special cases of (3.28) for three particle states as the |Q24.)
are all separable. The easiest way to directly prove these identities is to
explicitly prove them for the GHZ state | P) = (p'23 + p*%)|0) and then use
that every GHZ state is on the same G L(6, C) orbit. This is then also a proof
of (3.28) by the same reasoning, just with the group I'y replacing GL(6,C).

The projectors (1 £ \/I% (Kp)«) give the canonical decomposition of GHZ

states in terms of a pair of Slater determinants.

3.4.3 Ways of embedding three qubits

Using the construction described in section 2.4.5 we may embed three qubit
states le k=0 Yijk|ijk) into the system of three fermions with six modes as

1

) = [Py = D g™ pYTp0). (3.39)
i,§,k=0

Note that this map differs from (2.92) by a permutation of the fermionic

indices (1,2,3,4,5,6) — (1,4,2,5,3,6). This difference has no physical sig-

nificance but it gives an intuitively more clear presentation after we relabel

the indices (4,5, 6) to (1,2, 3) respectively. The mapping between the first

few basis states is

000) <+ p'p*p?(0), |001) <> p'p*p?|0),

. 3.40

|011) < p'p?p?|0), etc., (3.40)
i.e. indices 1 and 1 correspond to the first qubit being 0 or 1. This embed-
ding has the remarkable property that it intersects all the fermionic SLOCC
orbits and the three qubit SLOCC classes are basically identical® with the
fermionic ones of table 3.1. The quartic invariant D(P,) reduces to the hy-
perdeterminant (1.24) of the 2 x 2 x 2 array 9;;:

D(P,) = HDet (1)), (3.41)

3The single biseparable class of the fermionic system splits into three different classes
of the qubit system: the A(BC), B(AC) and C(AB) biseparable classes. These are iden-
tified under the permutation of qubits. Precisely, there is a one-to-one map between the
fermionic SLOCC classes and the orbits of GL(2, C)*® x S on three qubits, where Ss is the
permutation group of three elements.
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This embedding posesses the simple single occupancy node picture of sec-
tion 2.4.5. However, we have also seen there that it is possible to construct
more exotic embeddings. As an example let us consider the embedding into
the 8 dimensional subspace of double occupancy states[P.2, 44]. This can be
obtained from the single occupancy embedding by composing it with an
intertwiner between 7 and F~ as discussed in 2.4.4. The relevant inter-
twiner can be constructed from the Majorana basis

”Yj:p]+nj, ’Yjer:p]Z. ], (342)

of V. Consider the state
1 1
’717273|P¢> = 77¢|0> + g(yw)abpabm) + Ml‘%bﬁabcdefpajeﬂm
1 abede . (3.43)
+ afwabcdefp 0) € F*.

with the qubit amplitudes sitting in the coefficients as

0 0 0 Y100 0 0
0 0 0 0 o0 O
B B 0 0 0 0 0 oot
0 —1o10 0 0 0 0
0 0 —too1 0 0 0
0 0 0 —%You1 0 0
0 0 0 0 =101 0
_ . 0 0 0 0 0 —110
0 o1 O 0 0 0
0 0 110 0 0 0

(3.44)
As we have described in 2.4.5, the conventional embedding of three qubits
(3.39) gives the single occupancy states in a fermions on a lattice picture,
where single particle states (1,1) are the internal states associated to the
first node, (2, 2) are associated to the second node and finally (3, 3) are as-
sociated to the third node. On the other hand when the embedding is made
into the even particle Fock space as in (3.43) the correspondence between
states reads as

1000 + |0), 001) + [p*p*]|0),

011) & [p*p’][p*p7)[0), ete. o4

This shows that the three qubit states are mapped to the double occupancy
states of the even particle number Fock space. Schematically, the states cor-
respond to each other in the following way

|000) «— | T|T|T]|<+—
001) «— | T |T|d]|— | (3.46)
011) < [T 4] 4] e ] ||
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There are also other, mixed occupancy ways to embedd a three qubit sys-
tem in 7. Let us denote with 7% the eight dimensional subspace of F~
spanned by the single occupancy state (3.39). Now let us define seven other
eight dimensional subspaces by intertwining with half of the Majorana op-
erators of (3.42)

Frukzhs — Al FOO g, pg € {0, 1}, (347)

It is clear that the previously discussed double occupancy state spans F!11.
The other spaces correspond to states where a node having 0 is in a single
occupancy, while a node having 1 is in a double occupancy state, i.e. 70!
means that the first two nodes have single and the last one has double oc-
cupancy. It can be shown[44] that this way the whole Fock space can be
generated:

F=F @F" = (FO0 g poll g FlOL g F110y g (F001 g FO10 g 7100 g F11LY

(3.48)
i.e. one may think about the fermionic Fock space F as describing the tri-
partite entanglement of six qubits, a term first appeared in the context of the
black hole/qubit correspondence. Indeed, we have two types of qubits, a
single and a double occupancy for each node, which adds up to six.

3.44 Monogamy and three tangle for three fermions

As we have already mentioned, the system of three fermions with six single
particle states mimics very closely the system of three qubits. In particu-
lar, measures for genuine two- and threebody entanglement can be identi-
fied and they satisfy the same monogamy equations as in the case of three
qubits[P.4].

At the heart of this seemingly surprising analogy is the following ob-
servation. The one particle reduced density matrix of (3.32) reads as (see
(2.34))

1 .
pi = = Py PI™™. (3.49)
2

This is a covariant quantity under local unitary transformations (correspond-
ing to invertible LOCC) but not under local invertible transformations (cor-
responding to invertible SLOCC). Note that we have adopted the conven-
tion that a complex conjugation raises an index, however indices contracted
this way only stay invariant under unitary transformations and not SLOCC
transformations. Note also that we have adopted Lowdin normalization[47]:
Trp = 3||P||?. The eigenvalues \;, i = 1...6 of p are unitary invariants and
they are not all independent, even for a generic normalized state. The clas-
sical result of Borland and Dennis[48] is that these eigenvalues satisfy the
(in)equalities:
AM+X=1, X+A5=1,

(3.50)
A3+d =1, A5+ A > A4,

where the eigenvalues are ordered as A\ > A2 > ... > Ag. The first three
equations are relevant with respect to the relationship of the system to the
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one of three qubits. They show that occupancy of natural orbitals* is pair-
wise linked: the largest and the smallest occupancy always add up to one
etc. When the eigenvalues of the one particle RDM satisfy extra equations
in addition to Trp = 3, we say that the state in question is pinned. As we will
later explain in section 3.8.1, pinning of eigenvalues leads to selection rules
for the amplitudes of the state in the basis of natural orbitals. In the present
case, this implies that any state in this basis can have at most 8 nonzero
amplitudes and hence all states are local unitary equivalent to three qubit
states of the form (3.39).

A remarkable consequence is that it is possible to express the (tangles)
of three qubits with local unitary invariants of the fermionic system. There-
fore, two and three body entanglement can be quantified for any 3 fermion
state.

As a first step, recall that the matrix K p transforms under an invertible
SLOCC transformation G € GL(6,C) (see (2.42)) as

Kp — (det G)(GT) K pGT. (3.51)

If we restrict ourselves to local unitary transformations we have G € U(6)

and then both Kp and K ]TJ transform the same way: they can be multiplied
in a local unitary invariant way. Now one can confirm with explicit calcu-
lation the identity

ap(I — p) = (tKpK L) — {Kp, KL} (3.52)

The eigenvalues f; of the Lh.s. are p; = 4\;(1 — \;) and they are pairwise
degenerate as a consequence of the Borland-Dennis relations (3.50). Now
define the concurrence matrix

C =i(e ¥ 2Kp — /K], (3.53)

where ¢ is the phase of D(P) = $TrK?. We see that CT = C and hence
C'is a diagonalizable matrix with real eigenvalues. It is straightforward to
calculate

C? = {Kp, Kb} —2|D(P)|I = (TtKpK} — 2/D(P))I — 4p(I — p), (3.54)

where we have made use of (3.52). Hence the eigenvalues &; of C satisfy
13
& =52 1 —2D(P) - i, (3.55)
j=1

or written out )
& = = (—p1 + p2 + pz) — 2|D(P)],

2
& = %(m — s + p3) — 2|D(P)], (3.56)
& = 5 n + 1 —s) —2D(P),

*Natural orbitals are the eigenstates of the one particle RDM.
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Solving for p; gives

pn =AM (1= Ap) = & + & +4[D(P)),
p2 = 4ha(1 = Xg) = & + & +4[D(P)), (3.57)
s = 4X3(1 — A3) = & + &5 +4/D(P)|.

These are precisely the CKW equations for three qubits corresponding to
the Borland-Dennis tripartitioning of the natural orbitals with the identi-
fication with the tangles being Tapc = 4|D(P)|, TABC) = M1, TAB = £,
Tac = &% and so on. One can check this explicitly for the embedding (3.39).
On the other hand, y; and &; are well defined, local unitary invariants for any
fermionic pure state and they quantify the entanglement of a single parti-
cle with the rest of the system and the amount of two-body entanglement
respectively, as we will describe in the next subsection. Before doing this,
let us emphasize how these fermionic CKW equations, and hence the three
qubit CKW equations which directly follow from them, fit into the general
spinor picture. Notice that equation (3.52) is just a special case of (2.130)
with A = p®ny and B = p®n. and a sum over b. It follows that (3.52) is
nothing else than a spinorial Fierz identity between bilinears of the state and
its conjugate.

3.4.5 Entanglement entropy and entanglement of formation

First of all, it is clear that the invariants u; = 4\;(1 — \;) are sufficient to
express the entanglement entropy of the single particle RDM p. Indeed,
from (3.50) and (3.52) one has

S(p) = —Trplogp = ih <; (1 + M)> , (3.58)
i=1

where the binary entropy function h is defined by®
h(z) = —(xlogzx + (1 — z)log(l — z)), (3.59)

where the 1/3 factors appear to restore the probability normalization of the
eigenvalues from the Trp = 3 normalization. This shows that the y; in-
variants quantify the entanglement of a single particle with the rest of the
system.

Now we move on to quantify two-body entanglement, which requires
a measure of entanglement for mixed states. We will rely on the previously
introduced entanglement of formation, as it has a clear operational mean-
ing. We will give an upper bound for this quantity in terms of the 3 qubit
concurrences §; and discuss its consequences. Recall, that the entanglement
of formation is the convex roof of the entanglement entropy

- 9(2)Z¢Pi|Ei><Eizi: (1) (Eil)

Note that we use the Trp = 3 normalization so that this quantity is not the entropy of a
probability distribution. The properly normalized quantity would be —Tr£ log £. However,
the minimal value of this quantity is log 3 due to the fermionic nature of the system. It is
common to remove this shift of log 3 and multiply by 3 which results in the S(p) we use.
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where p(?) is the two-body RDM, in this case it has matrix elements

Before proceeding to discuss the entanglement of formation, let us mention
some properties of p(?).

e It is clear that the map p? : A2C — A2CS can be written as 1P o
PT, where P : C5 — A?C® is the map taking the vector v’ to P;j;v".
From this, one readily sees that the maximal rank of p(?) is 6. The
reason why this is interesting is that p(?) effectively works ona () = 6
dimensional subspace, i.e. a mixed state of two fermions with four
single particle states. As we have seen, this is the natural fermionic
system to incorporate two qubit entanglement.

e The six eigenvectors (corresponding to nonzero eigenvalues) of p(?)
can be written as Pijké’(fn), where {é’(‘:n)}g:l are the eigenvectors of
the conjugate of the one particle RDM p;’. They have eigenvalues
An Which are the same as the eigenvalues of pil. Tt follows that the
(nonzero part of the) spectrum of the one body and the two body
density matrices agree. Recall a similar well-known fact: for a bipar-
tite system the reduced density matrices of the two subsystems have
the same non-zero eigenvalues[24]. This is also well-known to be true
for a composite sytem of two fermions[42]. In our case one can think
of dividing the system of three fermions into the "bipartite" system of
one fermion entangled with two fermions. In this case the non-zero
eigenvalues of the reduced density matrices agree as one expects. This
observation trivialy generalizes to IV fermions: the non-zero eigenval-
ues of the k particle and the N — k particle RDMs agree in general.

Now let us move on to give the promised upper bound to the entanglement
of formation E(p?). It is clear that E(p(?) is invariant under local unitary
transformations. But the selection rules implied by (3.50) ensure that all
states can be brought to the form (3.39) by means of a local unitary trans-
formation. The two particle reduced density matrix of this state has matrix
elements

@2 _ 14 @2 _1,4p @2 1 4p
Pi2 = 5Poojoos P12 T HPoojorr Prz T 5 P00
@12 _ 1 4p @12 _ 1 4p
@13 _ 1 4 @B _1 4
P13 = 5Poojoos o Pz T 5Pupe

A

and so on. Here, p ﬁl, etc. are the two qubit reduced density matrixes of

ij
the state Zzl k=0 Yijklijk). One observes the scheme that the indices 1,2, 3
correspond to qubits A, B, C respectively. Cases where index pairs contain

(2)12
55 Or where the lower and upper

13
indices contain different numbers like p(122) give zero. Indices without a

bar correspond to the corresponding qubit in |0) state while with a bar to
the qubit in |1) state. Therefore, p(?) for the state (3.39) is just the diagonal
direct sum of the two qubit RDMs. As such, we may consider its convex

the same number multiple times like p
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decomposition into pure states which consists of the direct sum of the opti-
mal decompositions of the two qubit density matrices. In this decomposition,
its average entanglement entropy is just £(pA8) + £(pA°) + £(pBC), i.e. the
sum of the entanglement of formations for each two qubit RDM. The opti-
mal decomposition for the fermionic RDM must be at least this good, hence
we have

E(p?) < E(pB) + E£(p7) + £(pPY). (3.63)

The right hand side can be expressed with the qubit squared concurrences

&; and hence
3
£(p?) < Zh% (1 +4/1- £§>>, (3.64)
i=1

where we remind the reader that ; are eigenvalues of the matrix (3.53) and
hence are well defined for any 3-fermion state. Although a proof is not
yet available, the author believes that this bound is actually an equality.
Regardless of weather this is true, an immediate consequence of this bound
is that when all §; = 0, i.e. the concurrence matrix C of (3.53) is zero, the
entanglement of formation vanishes and hence the three fermion state | P)
does not contain bipartite entanglement. In this case the two body RDM
p?) is a convex combination of separable states. A remarkable property of
multipartite systems is that separability of the whole state does not follow
from this. Indeed, we may ensure §; = 0 by demanding the vanishing of
the quantity

TrC? = 2TrKp K}, — 6|D(P)), (3.65)

which can happen in the GHZ class! We will call states for which 2TrK p K f =
6|D(P)| states with vanishing concurrence. In this case, all entanglement is
in the form of tripartite entanglement, which is measured by the quantity
4|D(P)|, as readily seen from the monogamy equations (3.57).

3.4.6 Conjugation and the Wootters spin-flip

Now that we understand how to describe three qubits as the single occu-
pancy states of fermions with six modes, we are in position to discuss again
the somewhat arbitrary quantity, the spin-flipped density matrix of (1.12)
required to calculate the two qubit concurrence. We have seen in section
3.2.3. that this quantity is naturally related to the transposition (2.5) of the
Clifford algebra with four modes. In the present situation, we are required
to take a partial trace of the fermionic density matrix |P)(P|. It is not dif-
ficult to see that the spin-flip can be obtained by taking the partial trace of
the conjugate state | P) of |P) under the conjugation introducied in (2.96).
Supposing that the amplitudes P, correspond to a (.|.)-orthonormal basis,
the amplitudes of |P) are easily found to be

1 _
P = geijklmnplmn- (3.66)
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For the embedded three qubit state | P,), the dual | P,) can be obtained with
the embedding (3.39) from the dual three qubit state |¢)) with coefficients:

1
%’jk: Z Ez'z"%?jj'gkk'%'j'k’, (3.67)
i’j’k’:()

It is straightforward to see that the spin-flipped density matrix (1.12) for
pure three qubit states is just the two particle RDM of qubits A and B for
the dual three qubit state |¢).

3.5 Seven modes

3.5.1 Extended SLOCC classification

The single particle space is now H = C” and the spaces F*, with fixed
parity, are 64 dimensional. The relevant bilinear is the one with d — 4 = 3
indices

K(W) ik = (Y, erejex). (3.68)

Notice that as ere; = —ejer + gr71, K(v) 1K is totally antisymmetric in its
indices in any basis not just the Majorana basis. It is useful to think about
these covariants giving rise to the linear map

My :V = s0(V)

3.69
v=1uvler = Ty(v) = (K(w)JJKUK) 7, 6

[el, e

=

where, as usual, indices are raised by gI J. Tt is clear that this linear map
has an invariant rank under the action of the extended SLOCC group as
Tyy(v) = ay g™ 1Ty (Ogv)g for every g € Ig. It is then natural to introduce
and endomorphism of V' which is just the map composed with its transpo-
sition®

Ly = MJ o My, (3.70)

This also has a I'g invariant rank. The matrix of L, reads as
1
(Ly)'y = (W eexcery)) (v, eseety), (371)
Moreover, we have a relative invariant

Ts(¢) = TrL2, (3.72)

which is a homogeneous function of order 8 of |).

Let us be more explicit, and work out the bilinears K ()7 for the odd
particle subspace 7~. Formulae for 7' can be obtained from these in a
trivial manner by dualizing every odd index amplitude with €,,. ,,. We

®The transposition here is with respect to the inner product (2.2) on V and the Killing
form on so(V).
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parametrize a state as

1 1
W> = uapa‘0> + glpabcpabc‘m + ﬁ@abeabcdefngdefg‘())
) o (3.73)

1
+ ﬁ Eeabcdefgpab(:defg | 0> .

Then the explicit form of the bilinears (1, eje ek 1)) are:

1
(1/13 nanbncd)) = ZquQnmepqnmcba — 26Pcha;

1
(¢,panbnc¢) = 5(%5? - Ub(sg) - §qu(7)pqc(5g - ,qub(s(cl) - 2QOLP,Pbcpa
(w7papbnc¢) = ud(édea - 63de) - (Mp)abc + Qabuca

2
(v, p"p'py) = T Fupetederp,
(3.74)
Here we introduced the notation

1 g
(Mp)®, = Tgyeabpq”kpcpqu‘jk- (3.75)

This is a covariant important for the ordinary SLOCC classification of the

three particle subspace, as we will see.
It is useful to introduce the seven parameter family of states

145 167 246 257

o) = (v1p'* + yop + 76p**" + 47p>*

+ p1234567) |0>

+y3p +yap” + Ysp

(3.76)
which intersects every I'y orbit. The orbit structure was found by Popov[49]
and is listed in table 3.3 along with the invariants sufficient to resolve them.
Notice that in addition to the bilinears K (v) 1.7k we need the nullity of (2.82)
to resolve the classes. There is a lone orbit for which Zg(¢) is nonzero: the

orbit IX in 3.3. For the state (3.76) we have

Zs(vbo) = 29327 - y172737475 Y6 Y7- (3.77)

Name | v1 72 73 7 7% 7 77 | rank Ly, rank My, Null(y)

IX 11 1 1 1 1 1 14 14 0
VIII 11 1 1 1 1 O 7 14 0
VII 11 1 1 1 0 O 3 14 0

VI 1 1 1 1 0 0 O 1 13 0

\Y 1 1 1 0 0 O O 1 13 1

v 1 1 0 1 0 0 O 0 10 0

111 1 1 0 0 0O 0 O 0 7 1

II 1 0 0 0 O 0 O 0 3 3

I 0o 0 0 0 0o 0 O 0 0 7

TABLE 3.3: Extended SLOCC classes for d = 7, their canon-
ical forms and the invariants resolving them.

The hierarchy of the classes can be seen on figure 3.2.
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v

o

FIGURE 3.2: Extended SLOCC classes for fermions with

seven single particle modes. An arrow points from class

A to class B if all the ranks of class B are smaller than those
of class A.

3.5.2 SLOCC classification

Again, there are two cases when nontrivial entanglement can occur for fixed
particle number. We can consider two particles (which is dual to five) and
three particles (which is dual to four). The two particle SLOCC classes’, as
usual, are given by the rank of the antisymmetric coefficient matrix, which
can be 0,2,4 and 6.

The interesting case is again the one of three particles[P.1, P.3]. As in
the case of six modes, we can deduce the relevant covariants from the ones
introduced to resolve the extended SLOCC classes. In order to do this, first
consider the state

1 1
W) = *,Pabcpabc’(» + ﬁ‘gﬁabcdefgpadeEfg‘O% (378)

3!

which is the three particle state we wish to consider, deformed by the top
form. From (3.74) it is easy to see that the only non-vanishing component
of the bilinear K (1)1 x is (1, p*p’ncp) = —(Mp)?_, given by (3.75), and
(Y, nanpnc)) = —2€Pgpe. It is clear that these are covariants themselves
when only the action of the ordinary SLOCC group GL(7,C) is considered.
The other important quantity can be extracted from L,,, which for this state
has components

1
(L¢)ab — 75[’730,()7
(Liﬁ)ab = _§NPQb7 (379)
(Ly)™, = (Ly )" = 0,
where we have introduced the 7 x 7 matrices
Lp®™ = Mp“aMp™.,

1 (3.80)
NPab = gMqubPapqa

which are themselves covariants under the ordinary SLOCC group GL(7, C).
The covariants (Mp)“bc, Lp® and Np,, depend only on the amplitudes
Pape of the three particle part and hence we may use them to characterize

7 After dualization, this corresponds to keeping only the matrix Q" in (3.73).
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the SLOCC orbits of the state

1
P) = = Pabep™|0). (3.81)

3!
The single relative invariant of the action of the SLOCC group can be writ-

ten as
1

24327
which is a homogeneous function of degree 7 of the amplitudes. We also
have the relation

T+ (P) = Te(LpNp) = (det Np)3, (3.82)

1 a

Note that the degree 8 extended SLOCC invariant for the state (3.78) can be
expressed with this as

LPGCNpcb =

Ts(¥) = 2(Ly)™ (Ly)ap = ETe(LpNp) = 23%T - £ T (P). (3.84)

The orbit structure of A3C” can be found in the mathematical literature[50,
51]. There are a couple of intuitive ways to present representatives in each
class. For the first one, it is convenient to introduce a complex basis in the
one particle Hilbert space8

g2 = pl23 B0 123 L2356 T T (3.85)

and let us denote the three particle Slater determinants with the shorthand
[E) = 4"4"°(0). (3.86)

Now consider the states

|SEP) = |E'%3)
IBISEP) = |E') A (|E%) + |E?))
‘W) ‘E123> + ‘Eli3> + ’E123>
|GHZ) \E123>+ ‘Ei§:§>
[Sympls) = (|E') +|E®) + |E*)) A |ET)
|Sympls /SEP) = (|E'!) + [E?) + |[E%)) A |ET) + | E'23)
|Sympls/BISEP) = (|[E') + [E?) + |E%)) A |ET) + | EY) A (|E®) + |E®))
[Sympls/W) = (|EM) + |E?) + |[E%)) A |ET) + |E'®) + |E') + |E'%)
[Sympls/GHZ) = (|EM) +|E®) + |E%)) A |ET) + |B'%) + |B'%).

(3.87)
The origin of the name |Sympls) is that a two particle state tw;;q’q?|0) is
given by an antisymmetric matrix w;; which in turn defines a symplectic
form in six dimensions (¢, j runs from 1 to 6 now). In [Sympls) the w;; is in
the normal form for a rank 3 symplectic matrix. In table 3.4 we summarize
the SLOCC orbits and label them by the above representatives. We also
give their resolution in terms of the above introduced covariants. There is
a single orbit, labeled by the state |Sympl;/GHZ), where the invariant 77 is

8For now, this is just a fancy way of changing the indices 4, 5,6 to 1,2, 3. The relations
will be important to relate to the second type of presentation.
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nonzero. This is the dense orbit.

Representative ‘ rank Np rank Mp ‘ Extended SLOCC class

|SEP) 0 0 I

|BISEP) 0 1 I

W) 0 3 11

|GHZ) 0 6 \%
|Sympls) 1 1 I
|Sympls /SEP) 1 4 VI
|Sympls/BISEP) 2 6 VI
|Sympls /W) 4 7 VII
|Sympls/GHZ) 7 7 VIII

TABLE 3.4: Entanglement classes of three fermions with
seven single particle states, the ranks resolving them and
their extended SLOCC class, when considered as states in
F~ (see table 3.3). Notice that no orbits are inside the dense
extended SLOCC orbit IX. Also, there are states (like |[W)
and |Sympls)) which can be converted into each other using
extended SLOCC but not ordinary SLOCC.

The other way of writing representatives for these classes is to reexpress
them in terms of the p® modes through (3.85). This is clearly just a SLOCC
transformation, hence the class of the states does not change. For example,
for the representative of the dense orbit, we have

|Symp13/GHZ> — 2(p123 _ p156 +p246 _p345 +p147 +p257 +p367)|0>. (388)

The structure of this state is encoded in the incidence structure of the lines
of the oriented Fano plane which is also encoding the multiplication table
of the octonions. Motivated by this, the way we associate a graphical repre-
sentative to a state is the following. We draw seven nodes corresponding to
the seven single particle states and represent a Slater determinant by draw-
ing an oriented line through three points, e.g. for p'23|0), we draw a line
going through nodes 1,2 and 3, with orientation pointing towards 3. A re-
verse orientation means a minus sign and multiple lines mean that we add
up the Slater determinants. With this dictionary in mind, we can represent
the states in table 3.4 as parts of the Fano plane, as depicted on figure 3.3.
Notice that the number of points which are part of at least two lines (i.e.
more than one lines intersect there) is just given by rank M p. Similarly, the
number of points which are part of at least three lines is given by rankNp.
Although an analysis to determine what kind of correlations the covariants
Mp and Np and the invariant [7; measure, similar to the one performed for
three fermions with six modes in section 3.4.4, has not yet been done, it is
tempting to think about Mp as being connected to two body entanglement
and about Np as being connected to three body entanglement. Indeed, in
all the previously discussed cases, the bilinear invariant was directly con-
nected to two body separability, while for six single particle modes, the
quartic invariant measured three body entanglement. For seven single par-
ticle states, the natural quartic object is not a scalar but the matrix £p. The
previous observation about the ranks of these covariants seems to be very
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z@ Kl

6 1
X: Sympls/GHZ IX: Symph/\V VIII: Sylnpld/Blsgp
4
Y
6 1 5 6
VII: Sympls/Sep VI: Symplg V: GHZ
| }Q /
6 1 5 6 5 6
v: W III: Bisep II: Sep

FIGURE 3.3: Graphical representation of the SLOCC classes
of three fermions with seven single particle states.

Sympl,/Sep Sympl,/Bisep Sympl,/W Sympl,/GHZ
o)

FIGURE 3.4: SLOCC classes for three fermions with seven
single particle modes. An arrow points from class A to class

B if all the ranks of class B are smaller than those of class
A.

well in line with this intuition. The hierarchy of the classes under nonin-
vertibe SLOCC can be seen on figure 3.4.
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3.6 Eight modes

3.6.1 Extended SLOCC classification

In this case we have 7 = C® and the fixed parity Fock spaces F* are 128
dimensional. The relevant bilinear is the one with d — 4 = 4 indices i.e.

K(W)rxr = (¥, erejexery). (3.89)
We can equivalently write

1

K@)k = 1(1/1, ler,ejllex,eL]d) + iQUQKL(% ). (3.90)

The second term gives rise to a nonzero quadratic invariant (¢, ). We can
think about the first term as a linear map

Ry : 50(16) — s0(16)

L e, e TR 2er ),

1 (3.91)
T = TIJZ[GI,GJ] — (

where indices, as usual, are raised with ¢//. The map R, has a I'g invariant
rank, moreover, we have the relative invariants

Tpp = TeRY, (3.92)

with homogeneous degree 2p. Now in contrary to the cases discussed so far,
the pair (C* x Sping(16), A°™C?) is not a prehomogeneous vector space.
In fact, it can be shown that the algebra of polynomial invariants under
Sping(16) is eight dimensional[52]. An algebraically independent set of in-
variants can be given as[44]

{T>, 73,712, Z14, T13, L0, Loa, T30 }- (3.93)

The basic observation behind finding the orbit decomposition is to notice
that one can write the Lie algebra of ¢g as a semisimple complex symmetric
space decomposition

eg = 5016 D /\even(CB, (3.94)

where [5016,5016] C 5016, [A“VCE, A"C8] C s016 and [s016, AP"C8] C
AevenC8. This latter is just the action of the group on the even Fock space
that we are after. We refrain from listing the orbit structure explicitly, which
was identified [52]. Instead, we note some general features of the classifica-
tion which turn out to be important when we consider the subcases of four
fermions and four qubits. First, notice that as we may think of any state
|1) as a Lie algebra element, |¢)) admits a unique Jordan decomposition into
semisimple and nilpotent elements

) = [l¥)s + [[¥)]n, (3.95)

such that [|¢)s), |¢n)] = 0. It is clear that this decomposition is invariant
under the adjoint action, hence, after exponentiation, we have g[|¢)]s =
[9|1Y)]s and g[|¥)]n, = [g]¥)]n for every g € Sping(16) i.e. the semisimple
and nilpotent parts of a state transform independently. The entanglement
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classes can be grouped into families according to the type of their nilpotent
partsg. There is a single family with vanishing nilpotent part, the family
of semisimple states. It can be shown that this is also the collection of all
Zariski-closed orbits. It is very easy to resolve the extended SLOCC classes
within this family. The claim is that [52] the Spin(16) orbits of semisim-
ple states are in one-to-one correspondence with the points of the affine
variety A°C8/Sping(16) = C8. Practically this means that two semisim-
ple states [¢;) and |¢») are in the same Sping(16) orbit iff all the invariants
(3.93) take the same values on them. It follows that they are in the same
extended SLOCC orbit if there exists a A nonzero complex number such
that Zo,(¢1) = A?Iy,(1)2). A convenient representative of the family of
semisimple orbits was given in [44] and reads as

7
G) = yalEa) + ys(1+ p'***57))0), (3.96)
a=1
where

B2 = (0 +)0), B2 = (0 +552)0)
Bg) = (¢ + 0, (B =6 g0,
’E5> — (p1845 +p7263)|0>7 |E6> — (p1467 _|_p2358)|0>7
Er) = (127 + 55 ).

This way one can trade in the eight invariants of (3.93) to the eight param-
eters y, to parametrize the semisimple orbits.

This simple criterion is not true if there is a nilpotent part to the state. It
is not difficult to see that nilpotent states have the zero vector in the closure
of their Sping(16) orbit. From this, it follows that the value of any continous
invariant is actually independent of the nilpotent part of a state.

Now we proceed with a short review of the ordinary SLOCC classifica-
tion and the systems connection to four qubits.

3.6.2 SLOCC classification

There are three different fixed particle subspace where nontrivial entangle-
ment can occur. The easiest one, as usual, is the one of two particles. In
this case the SLOCC classes are identified by the rank of the antisymmetric
coefficient matrix, as before. This can be 0,2,4,6 and 8. The other two cases
are the one of three fermions (dual to five) and the one of four fermions.
The former case corresponds to the pair (GL(8,C), A*C?) which is actu-
ally a prehomogeneous vector space, the last one for three fermions. As a
result, there is a single relative invariant and the orbit structure is qualita-
tively similar to the previously discussed d < 7 cases. The latter case, four
fermions with eight single particle states, is the one which is directly related
to four qubits through single occupancy embedding.

°The classification of nilpotent orbits, and hence possible nilpotent parts, is done via the
Kostant-Sekiguchi correspondence, see e.g. [53].
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Three fermions

We consider the three fermion state

1

Py =

wbeD™[0). (3.98)
We can extract two covariants for the ordinary SLOCC group G'L(8, C) from
K (¢) 17k - The first just comes from (P, p® p*2p®ny, P):

(EQIQQCLB) — i€a1a2a3z112231415p

12 biyig Pigi4i5‘ (399)

For the second one, as in the case of seven modes, we need to be a little trick-
ier. The way to go is to add the seven particle state 50" €4, 4,...qs0">|0)
to (3.98) and consider the quartic covariant Qr; = K(w)IKLMK(@Z))JKLM.
It will have non-vanishing elements for

Q% ~ v (F),. , (3.100)
where we have introduced the degree three covariant of | P)

(Fa)b1b2 = ﬂea“wz“usu)wpblilizszi3i4pisi6i7' (3.101)
These two turn out to keep in hand the SLOCC orbits of this system, but
in order to separate the classes we need to introduce some compositons.

Define first the 8 x 8 symmetric matrix

G = (F) 4 (FY) (3102)

be’
which is of homogeneous degree six. Alternatively, we can define a degree
ten 8 X 8 symmetric matrix

ab _ ay ckl b dij
H = (F),, (E )j (F )dk (& )l. (3.103)
As mentioned previously, we have a single relative invariant which we can

now write as
Ti6(P) = Tr(GH), (3.104)

and it has homogeneous degree 16. Finally, let us introduce the degree five
combination of ' and F'

(F o E)M = (F7),, (ECkl)j : (3.105)
which we need in addition to resolve all the SLOCC classes.
The orbit structure of A3C? is available in the mathematical literature[51].
It turns out that in addition to the 9 classes of three fermions with seven sin-
gle particle states we have 13 more classes.
The entanglement classes and the corresponding ranks are shown in
TABLE 3.5. The representative states are encoded as

A= CM‘E123> + B’E567> + ")/’E154> + (5’E264> + 6‘E374> + )\’E278> + /L‘E368>,
(3.106)
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Name ‘ Rank G Rank ' Rank £ Rank F'e E

XI
XII
XIII
X1V
XV
XVI
Xvil
XVIII
XIX
XX
XXI
XXII
XXIII

()
(6})
(o)

_m RO OO0 ORREEOONR
_ R R R O, OO R R == O™
I T T s T e T R S G e G S S O S S S Y | ]
—_ RO R R PR R ORR RO RS
—_ OO R P OOO R OO NN
— R, R, R O, R, PR OO OO O
N T = T = T e e S e e e N Y |
OO JUINEBRDNFRFDNRER,ROOO

LU WDNDNNR,R R, OOOO
Q0 OO OO0 OO0 GO Q0 OO0 CO O Ul W=~ I~
Q0 CO OO0 OO0 OO Q0 OO0 GO0 Q0 OO OO0 I

TABLE 3.5: Entanglement classes of three fermions with
eight single particle states. The classes of table 3.4. are omit-
ted here.

where as ususal |E“*) = pipp¥|0). The continuous invariant of Eq. (3.104)
is only non-zero for the class XXIII which is the single Zariski-open orbit of
the prehomogeneous vector space[16] (GL(8,C), A3C8).

Four fermions

We may write a four fermion state as
1 ikl
|Z) = 11 ZikiP 10). (3.107)

Now there is a lone SLOCC covariant that we can extract from the four
index extended SLOCC bilinear (3.89). It reads as[44]

-~ o 1
R = (Y, p'pPP ) = 9% 2y 0 Z e (3.108)

214!
while all the other components of K () ;k, are zero or can be expressed
with R%y,. This covariant was first introduced by Katanova[54].

It turns out that a description in terms of a semisimple complex sym-
metric space is possible in this case as well and is very similar to the ex-
tended SLOCC classification of the total four mode system. It is based on
the decomposition

e7 = slg ® A'CP, (3.109)

and the orbit structure was identified in [55] and first considered in a phys-
ical setting in [31]. From this decomposition it follows that it again makes
sense to talk about semisimple and nilpotent states and the orbits are conve-
niently grouped into families according to their nilpotent part. The family
of semisimple orbits is easy to resolve again: it is just isomorphic to the
affine variety A*C®/SL(8,C) = C” and the orbits are resolved by the values
of the seven independent SL(8, C) invariants

{12, Is, Is, T10, 112, I14, I1s}, (3.110)
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Where . . . . . .
Igp = RZIJ1i2j2RZ2J2i3j3'__'R}p]pl.ljl. (3111)

Representative for the semisimple orbits can be constructed by setting ys =
0 in (3.96):

7
1G) = val Ea), (3.112)
a=1

which is in a different SL(8,C) class four each values of the parameters
Y1, ---, y7 for which the invariants of (3.110) can be traded in.

3.6.3 Four qubits
Now consider a four qubit state

1
)= > Xijwlijkl) € C’ @ C* @ C*® C?. (3.113)
ijkl=0

It turns out that the four qubit SLOCC problem can also be treated as a
semisimple complex symmetric space as one has

4 4
503 = (@5[2) ® (@ <c?> . (3.114)
=1 =1

The classification problem was solved partially in [30] and completed in
[56]. We list the families obtained in these references, along with repre-
sentatives, in table 3.6. From the nine families of this table the first one
corresponds to the family of semisimple states. The last three families do
not have a semisimple part. The nilpotent states characterizing families 2-6
may be obtained by setting all the continuous parameters to zero.

Now let us move on to the fermionic description of four qubits. As
before, a single occupancy fermionic state can be associated to this through
(2.92):

1
W) = D xR 0). (3.115)
ijkl=0
These states span F0% C F, the subspace of single occupancy states. The

spaces with mixed occupancy are otained via acting with the first four Ma-
jorana operators of (3.42).

FHiHapsps — yhit bz ks dia 0000 (3.116)

Then, the total Fock space can be written[44] as the direct sum of mixed
occupancy four qubit state spaces F = @;ln papispamo 2SIt is clear
that the single occupancy subspace 7% is the one which is also inside the
four particle subspace A*C*.

The invariant algebra of the action of SL(2, C)** on four qubits is gener-
ated by four invariants of homogeneous degree 2,4,4 and 6 respectively. We
omit the definition of these invariants here, they can be found in [56]. It is
natural to identify orbits different under the permutation of the four qubits
and hence look at the orbit structure under the action of Sy x SL(2,C)*%. In
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Family Canonical form

. a3 (10000) + [1111)) + 257 (]0011) +]0011)) +
abed be (10101) 4 [1010)) + ¥5¢ (J0110) + [1001))

I b (10000) + [1111)) + %5 (]0011) +[0011)) +
abea ¢(]0101) + [1010)) + [0110)

I a (]0000) + [1111)) + b (]0101) + [1010)) + |0110) +
a2b> 0011)

a (|0000) + [1111)) 4+ “Eb (]0101) + |1010)) +
Lab, , @b (10110) + [1001)) +
75 (/0001) +10010) +0111) 4 |1011))

a (]0000) + [0101) + |1010) + [1111)) + 0001} +

La, 0110) — /1011)
L0, a (J0000) + |1111)) + [0011) + |0101) + [0110)
Lo, 10000) + [0101) + [1000) + [1110)
Lo,,, 10000} + [1011) + [1101) + |1110)
Loyy10,0; 10000) + [0111)

TABLE 3.6: Representatives for the nine families of SLOCC
orbits of four qubits, see [30] and [56]. The first line is the
family of generic semisimple states where each different
value of the parameters a, b, c,d correspond to a different
orbit. The last three orbits are nilpotent and cannot have
a semisimple part. There are eight nilpotent orbits under
S, x SL(2,C)** which are obtained by sending all the pa-
rameters in these representatives to zero.

this case the invariant algebra is generated by four invariants of degree 2, 6,
8 and 12 respectively. A generating set can be easily written in terms of the
four fermion invariants (3.110) evaluated on the image of the embedding
(3.115). It is just

{12, Ig, Is, 112}, (3.117)

while in this case we can express all the other invariants of (3.110) with
these four. For expressions relating these invariants to the ones of [56], see
section 6.7 of [44].

The embedding (3.115) of four qubits into the single occupancy sub-
space of the fermionic Fock space has very nice properties, similarly to
the embedding of three qubits into the single occupancy subspace of three
fermions with six single particle states, as shown in [31]. In particular the
embedding is injective, i.e. whenever the fermionic SLOCC class of two sin-
gle occupancy states is different, their four qubit SLOCC class is different
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as well. However, contrary to the case of three qubits, the correspondence
between fermionic and four qubit SLOCC classes is not one-to-one. There
are fermionic SLOCC orbits which are not intersected by single occupancy
states. Another nice result of [31] is that two states in a given family are
SL(2,C)** % S, equivalent iff all the invariants I,...,I12 take the same val-
ues on them.

In summary, the entanglement classification of four qubits, four fermions
with eight modes and the extended SLOCC classification of fermions with
eight modes is based on the semisimple symmetric space decomposition of
the following sequence of Lie algebras

4 4
Four qubits sog = (@5(2) <) <® (C2> ,
i=1 i=1
n (3.118)
Four fermions ¢7 = slg @ A4C8,
N

Fock space with eight modes  ¢g = s016 @ Aeven s,

When we restrict the map (3.115) to semisimple states it gives rise to the
sequence of embeddings of the corresponding affine varieties

4
(@ <02> /SL(2,C)** ~ ¢*

=1
!
AC8/SL(8,C) = CT
!
ACYenC8 / Sping(16) = C8,

(3.119)

and these embeddings are injective. This property is clearly required for the
map between SLOCC classes to be injective. We know that this is the case
between the SLOCC classes of four qubits and four fermions [31] but the
question is not yet settled for the extended SLOCC classes. This provides
an interesting line of future research.

A somewhat more physical question, which is still open, is the precise
quantification of tripartite and fourpartite entanglement for these systems.
This is not yet settled even for the case of four qubits, appart from a couple
of remarks in [30] about the type of multipartite entanglement each family
posesses. It is likely, that the bilinear (3.108) plays a central role in this ques-
tion and a similar analysis as in section 3.4.4 can be conducted. Hopefully,
this question will be a subject of future investigations.

3.7 Nine modes

Let us consider the single particle Hilbert space = C. The fixed chirality
spaces F* are of dimension 256 and they are dual under particle-hole sym-
metry, as always when we have an odd dimensional single particle space.
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There are currently no results available about the extended SLOCC classifi-
cation for the nine mode case. Following the scheme so far, it is likely that
a central role is played by the bilinear with d — 4 = 5 indicesi.e. K(¢)r, . 1.

On the other hand, there are extensive results available for the SLOCC
classification of the three particle subspace which turn out to be in a deep
connection with the system of three qutrits10 [P.3], in a very similar manner
as the three fermions with six modes are connected to three qubits and four
fermions with eight modes are connected to four qubits. Let us consider a
three fermion state with nine modes

1
]l

and review the classification under the SLOCC group GL(V) = GL(9,C).

The orbit structure is available due to the work of Vinberg and Elashvili
[57]. It is obtained via a similar method to the semisimple symmetric space
decomposition of four fermions with eight modes. We can decompose the
Lie algebra eg as

|P) P iyis " p™p'|0) € A3C?, (3.120)

es = slg ® A*CY @ (A3C?)", (3.121)

where * denotes the dual vector space. Notice that, contrary to the case of
four fermions, there are two copies of the state space inside eg. This split
behaves under the Lie bracket as

[5[9)5[9] - 5[97 [5[95 /\3(C9] - A3C97
[slo, (A3C%)"] C (A3CY)", [A3CY, ABCY] C (A3C?)", (3.122)
[(A3C%)", (A3CY)T] € APCY, [(A3C)", A3CY] C sly,

and hence the action of the SLOCC group is again conveniently described
as a special case of the adjoint action of Fg on its Lie algebra. It again makes
sense to define semisimple and nilpotent states. Recall that semisimple
states have closed orbits under SL(9, C) while the closure of orbits of nilpo-
tent states contains the zero vector. The GL(9, C) orbits can be grouped into
seven families according to the type of their semisimple part.

Let us move on to discussing the invariants. We recall that continuous
invariants are independent of the nilpotent part of a state. The family of
semisimple orbits is isomoprhic to the affine variety A3C?/SL(9,C) = C*
so that we have four algebraically independent invariants, or equivalently,
we may represent all these orbits with a four parameter family of states.
A generating set for the invariants were first found by Egorov[58], but a
construction based on covariants were first used by Katanova[54]. Let us
define the covariant

T ey = Q'Lye“bcpqrswpdeppfqrpm. (3.123)
It is clear that 7" has homogeneous degree 3. Although an explicit com-
putation has not yet been performed, it is reasonable to think that 7" in-
deed emerges from the five index extended SLOCC bilinear K (¢);,..1, =
(¥, er,...er,1). To motivate this we add the top state ép'9]0) to the state
(3.120) thus turning it into an element of 7/~. We calculate the quantity

OWe call a three state system with Hilber space C?a qutrit.
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QIIKLMN = K('lb)]JKI,J/K,K('lp)]/J/K/LMN of degree 4, for which the com-
ponent with three upper little and lower little indices has to take the form

Q™ gy ~ ET™ e (3.124)

Now because T" has 3 upper and 3 lower indices one can take its powers
wich will have the same index structure:

(T2)a1 b1 C1

aibic
:Tlllab

a2 baco
azbzcs 2baca agbscs»

(3.125)

— Tabica _Tombmem

(Tm)alblcl

am+1bm+1cm+1 azbaca- am+1bm+1cm+l :

More strictly speaking by antisymmetrization of its lower indices, T" can be
regarded as a linear map T : A3CY — A3C? hence one can compose T with
itself and form 72 =T o T, .., 7™ = T o ... o T. Now define a set of relative
invariants by

b3n = TeT™ = (T™)%¢ (3.126)

abc*

The subscript 3n denotes the homogeneous degree of ¢3,, in the amplitudes
P;ji.. Note that we have ¢3, = 0 for n odd and n = 2. Using these, a
generating set for the four dimensional algebra of SL(9,C) invariants can
be conveniently given as

{#12, 18, P24, P20} (3.127)

For later convenience, we introduce the following rescaled versions of these
invariants

1 1
Jio — —— J - -
12 = Z7ag- P12, 18 510337 . 13918 (3.128)
1 1 ’
Joy 511327 . 19¢>24, 30 512335 7 13¢30

Now any semisimple state |P;) can be brougth by an SL(V') transfor-
mation to the following form[57]

|Ps) = alq1) + blg2) + clgs) + d|qa), (3.129)

where for simplicity we have introduced

1) = (p'2 +p¥C + p™)|0), |g2) = ™ + p*® +p*?)|0),
0 (3.130)

+p
|CI3> — (p159 _|_p267 +p348)|0>, |Q4> — (p168 _|_p249 +p357) )

We may group these semisimple orbits into families in the following way.
For certain subvarieties of the space C* of semisimple SL(9, C) orbits it may
happen that the invariants (3.128) become dependent. The number of inde-
pendent invariants is measured by the rank of the matrix

OaJ12 OuJ1s Oadas  Oad3o
OpJ12 OpJ1s  OpJas  OpJ3o
OcJ12 OcJ1s Ocdos Ocdzo |7
OqJ12 OgJ1g OgqJas OaJso

M= (3.131)

which is nothing else but the Jacobian between coordinates {a, b, ¢, d} and
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{J12, J1s, J24, J30} on the variety A3CY/SL(9, C) of semisimple orbits. Note
that the determinant of M is a not identically zero degree 80 polynomial
expression in the coefficients a, b, c, d:

1

det M =a’*b*?d?
934571126199 ©© ave

((a® + b® — ¢3)® + (3abe)?)?

((a3 b3+d3)3 (3CL ) ) (3.132)
(3 +bv? +d3)3 (3¢bd)?)?

(3 + a® — d*)3 + (3cad)®)2.

Whenever M is not full rank, we may find one or more combination of the
invariants (3.128) that vanishes. This gives a convenient way to determine
which family a generic state is in. We now review the seven families of
semisimple orbits as described in [57]. Along the way, we find the invari-
ants which vanish on each family [P.3].

First family
This family contains only semisimple states with no possible nilpotent
part. This family is specified by the condition[57]

det M # 0, (3.133)

on the canonical states and it forms a Zariski-open subset in the space
of all states. It is dense in the variety of semisimple states.

Second family
The semisimple part has the canonical form

alqr) — blg2) + d|qa). (3.134)

Formaly, we can obtain this by putting ¢ = 0 and b — —b in (3.129).
The canonical amplitudes in this family satisfy[57]

abd(a® — b%)(a® — @*)(b® — d*)((a® + b + d*)* — (3abd)?®) # 0. (3.135)

Now one can check that this is equivalent to dropping the third row
of M, putting ¢ = 0 and b — —b in it and requiring any of the 3 x 3
subdeterminant of the resulting 3 x 4 matrix to be non zero. This is
equivalent with

rankM = 3 (3.136)

for these semisimple states. The vanishing of det M means that it is
possible that a function of the four invariants exists which equals zero.
Indeed, we have found an invariant of degree 132 which vanishes for
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this family'!:
A 11 44940218765172270463 8 2 113325967730636958495085217 5 4
132 =Jjg ——————JpJig + Jiad1g
2232199994248855116 1009180965699898771226274
11518845901768651039 2 6 188875 9 20955843759677134000 6 2
————————JJis — ——JpJau + ——————— I Jig S
329340982758027804 1526823 15067349961179772033
48098757899275092625 3 4 156259946875 7 2
——————JpJigJau + ————JjpJy
15067349961179772033 27974261679948
43381098724294271875 4 2 2 32778366465625 4 2
- JJigdoy — ————JiaJig Jay
2440910693711123069346 48591292538069676
37339826093750 5 3 198339133437500 2 2 3
- Jy — JiaJig I
327991224631970313 741017211205562559
351718750000 3 4 1250000000 5
+ Ji9doy — Ji2J3y
327991224631970313 327991224631970313
522717082571600510 7 4631798176278228432974860 4 3
+ ——JyJ18J30 — J12J78J30
5022449987059924011 4541314345649544470518233
45691574382263590 5 951594557840795000 5
+ J12J75J30 — J1oJ18J24J30
741017211205562559 135606149650617948297
2133816827644645000 2 3 140973248590625000 3 2
+ J12J18J24J30 + J12J18J24J30
135606149650617948297 1220455346855561534673
10890275000000 3 8007699664851700 6 2
+ ———————J12J18J54J30 — J1a 5
20007464702550189093 45202049883539316099
6686357462527147925300 3 2 2 1392403335812500 4 2
+ J12J18J30 =+ —J12J24J30
1513771448549848156839411 135606149650617948297
2371961791512500 2 2 216716472500000 2 2 2
— ——————JpJigJudiy — ——————— I 5 J3y
135606149650617948297 1220455346855561534673
14445540571041712000 2 3 34328756109890000 4
- JigJ18 S50 + J12J30.
1513771448549848156839411 4541314345649544470518233

(3.137)
We have A;32 = 0 for any state in this family. It follows that the first
family is defined by the equation A3z # 0 which confirms that it is
Zariski-open. There are three types of possible nilpotent parts in this
family. These can be found in [57].

Third family
The canonical form of the semisimple part is

alqr) + d|qs). (3.138)

We can obtain this by putting b = 0 in the canonical form of the
second family. The coefficients satisfy ad(a® — d°) # 0 which forces
rankM = 2. There are nine types of possible nilpotent parts[57]. One
can check that Aq32 = 0 in this family. As the rank of the matrix M is
2, one expects that there exists one more combination of the invariants
which is identically zero in this family. Indeed, we have found that

UThis expression is found by considering multinomials of the
four invariants with a fixed homogeneous degree k like Ay =
D nynanang|12n1+18ns+24ns+30ns—k ¥ninansnsJis Jig J3i Jsg  and  numerically  generat-
ing a bunch of equations Ay = 0 for some randomly selected states from the second family.
The result is an overcomplete system of linear equations for the coefficients an,nonsny-
The first value with a solution to this system is & = 132. The found coefficients were
rationalized with a computer algebra system and the resulting expression was tested
analytically to vanish in the second family.
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the invariant of homogeneous degree 48 given by

13-232-293 ,  3%-11-127-199?

A48:J224+ 9254 12+ 2354 . 61 J12J128
, , (3.139)
25T, 11199

vanishes in this family but Ayg # 0 for the first and the second family.

Fourth family
The canonical form of the semisimple part is

alq1) + blgz) — blgs)- (3.140)

Formaly, one obtains this by putting d = 0 and ¢ = —bin (3.129). The
coefficients must satisfy ab(a® — b3)(a® + 8b%) # 0 which sets the rank
of the matrix M to be 2. We have

Ayg = 2251121992 -8 (a® — 1%)° (a* + 8ab®)’ (3.141)

for this family. The condition Ag # 0is obviously equivalent with the
previous one. Of course we have Aj3s = 0 but we can find another
invariant of degree 48 wich vanishes here:

11-1992% - 21347 2.5%.257
hs = 113 - 193J{12 — 3561 J12J128 + TJIQQJM
2454 23.5.11-1992
- J3, + 3561 J18J30-

(3.142)
One can check that A/ # 0 for the first, second and third families.
There are six types of possible nilpotent parts, as listed in [57].

Fifth family
The canonical form of the semisimple part is

—c|g2) + clgs). (3.143)

This is just the canonical form of the fourth family with a = 0. We
require ¢ # 0. The matrix M has rank 1. We have A3z = Asg =
Alig = 0. There are 18 different types of possible nilpotent parts.

Sixth family
The canonical form of the semisimple part is

alq), (3.144)

with a # 0. This is just the state (3.129) with b = ¢ = d = 0. The matrix
M has rank 1 and A3y = Ayg = Aljg = 0. Moreover it is fairly easy to
see that the degree 24 invariant

1
Aoy = Ji — EJ% (3.145)
is zero for this family while it is non-zero for families 1-5. There are

25 different types of possible nilpotent parts.
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Seventh family

The semisimple part is zero here thus this family is the family of nilpo-
tent states. Clearly, all continuous invariants vanish here. There are
102 different types of nilpotent states listed in the work of Vinberg
and Elashvili[57]. All the previously discussed three fermion states
(with 6, 7 and 8 single particle states) when considered as states of the
nine dimensional system are in this family.

Famlly ‘ A132 A48 AZS A24 ‘ Rank T'

First | £0 #0 #0 #0| 80
Second 0 #0 #0 #0 78
Third | 0 0 #0 #0| 76
Fourth 0 #0 0 #0 72
Fifth 0 0 0 #0 70
Sixth 0 0 0 0 56

TABLE 3.7: Values of the new continuous invariants on fam-

ilies of three fermions with nine single particle states. The

last column is the rank of the map 7" on semisimple states
of the given family.

A summary of the families and their resolution with the new invariants
Aq32, Ayg, Aljg, Aoy can be found in table 3.7. We have calculated in this
table the rank of T" for semisimple states in each family. Comparing to ref.
[57] we observe that the rank of the linear map 7 : A3C? — A3C? defined in
(3.123) satisfies the relation

rank7 = 80 — dim stab(|Ps)), (3.146)

where stab(|Ps)) € SL(9, C) is the stabilizer of the semisimple part | FP;).

3.7.1 Entanglement of three qutrits

A qutrit is a three state quantum system with Hilbert space # = C3. The
Hilbert space of three distinguishable qutrits is just H®3 = C°. With {|1),]2), |3)}
being a basis of H a general 3 qutrit state can be written as

3

)= D Xppamsltirpaps). (3.147)
pi,p2p3=1

The SLOCC group is GL(3,C)*? and it acts on the 9 complex amplitudes as

Xy = (1)1 (S2) 22(593) Y2 Xvrvmws, S1® S2® S5 € GL(3,C)*°. (3.148)

The mathematical problem of finding the SLOCC classes was solved by
Nurmiev[59, 60]. Explicit expressions for the three continuous invariants
generating the invariant algebra of this system was found by Briand et
al.[61] where the problem was also recognized as the problem of SLOCC
classification of three qutrits. Later Bremner and Hu managed to express
the hyperdeterminant of a 3 x 3 x 3 array with these three invariants[32,
62]. In the following we identify the problem of three qutrit entanglement
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as a special case of entanglement of three fermions with nine single particle
states. We relate the invariants /g, Iy, I12 and the hyperdeterminant Azss of
Bremner and Hu with the invariants of eq. (3.128).

According to Nurmiev[59, 60] any 3 x 3 x 3 array can be uniquely written
as the sum of a semisimple and a nilpotent part. Just like in the case of three
fermions a semisimple state is defined to have a closed SL(3,C)*3 orbit
while a nilpotent state has the zero vector in the closure of its orbit. Now
any semisimple state can be brought to a so called normal form:

Ixo0) = al|X1) — b|X2) + c[X3), (3.149)

where

| X1) = |111) +]222) +333), [X2) =]123) +]231) +[312),

| X3) = [132) + |213) + |321). (3.150)

There are a total of 43 orbits under the action of GL(3,C)*3 and these can
be grouped into five families according to the type of their semisimple part.
The three fundamental invariants evaluated at the normal form |¢) are[62]:

Is = ab + 1020 4+ % — 10a3¢3 + 10633 + 9,
Ig=(a+b)(a—c)(b+c) (a2 —ab+ b2) (a2 + ac+02) (b2 - bc—|—02) ,
Io = —a”b® — 4450 — a0° + a° — 25033 + 2a205¢3 — B7¢® — 4a5¢8
—2a303¢5 — 4655 + a3 — 3.
(3.151)

The hyperdeterminant for 3 x 3 x 3 arrays has degree 36 and expressed with
these invariants as[62]:

Agsz = I312 — 512 — 32135 + 361191615 + 10815 (3.152)

It has the propierty that it is zero for all families except the first one. Now as
3 x 3 = 9itis clear that we can identify this system via (2.92) with the single
occupancy states of the system of three fermions with nine single particle
states. Let us denote this embedding by £ : C3 ® C? ® C3 — A3CY:

3

EX) =P = D Xumus?p*H2p9)0). (3.153)
1, p2,p3=1

Now it is very easy to check that

E(1X1) = 1Px,) = la2), E(1X2)) =|Px,) =las), E(|X3)) = [Px3) = |q),
(3.154)
where |¢1), ..., |q4) are defined in e.q. (3.130).
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We found that on Im& C A3C? the invariants of (3.128) can be expressed
with the fundamental invariants of three qutrits as

Jig = IZ + 20145,
Jig = I3 + 3011916 + 10012,
Jog = 11115 + 444013119 + 2 - 3% - 19313, + 22 - 11- 1991612,  (3.155)
Jso =2-3%-5%. 25211215 + 3% - 5 - 25211513,
+2-5-17-383131% + 2* - 5% - T3I3 115 + 2° - 731,

Moreover the invariant A4g is expressed with the hyperdeterminant as

5-11% 1992
Ayg = —fﬁ&%hz. (3.156)

For the other A invariants we have:

A3z =0,
24551121992 1
A Y 19\ 14
48 35 <2 iz + 3I6> Iy, (3.157)
2-11-199 2
A24 = T <.[122 - 3]6]3) .
Define
9 2. 9 3 J
D3s = Aszs, Das =I5 — 51619; Doy = (2°112 + §16)19~ (3.158)

Clearly, the invariants D3¢, D24, D21 completely separate the five families of
three qutrits. One can find representatives of these five families e.g. in the
work of Bremner et. al.[62]. We followed the enumeration of the families
used there. The first family has D35 # 0, the second family has D3z =
0, Doy # 0, Daq # 0, the third family has D3 = Doy = D2 = 0 and finally
the fourth family has Dss = D21 = 0, D24 # 0. For the nilpotent orbits of
the fifth family every fundamental invariant vanishes. On figure 3.5. we
sketched how the embedding £ works. The mapping between the families
is injective.

It remains an open question whether £ is injective between the SLOCC
classes, as is the case between four qubits and four fermions with eight sin-
gle particle states. Another intriguing question is whether an analysis, sim-
ilar to the one performed in section 3.4.4, can quantify the amount of gen-
uine bipartite and tripartite entanglement for both three qutrits and three
fermions.

3.8 Outlook

3.8.1 Pinning of occupation numbers

As a possibly relevant physical application, we now comment on the con-
nection of the ordinary SLOCC classification problem for fermionic quan-
tum states with the constraints of Klyachko [63] on the eigenvalues of the
one particle reduced density matrix (or one-matrix). This section is based
in part on [P.3].
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Families of three qutrits Families of three fermions

&

First family — /\ First family
e ————————
Second family — /_\

Third fami ly

Third family i Fourth family
Fourth family - l b Fifth famil}

* Sixth famil)
Fifth famil
ifth family F\/ ily
CoCieC? e

FIGURE 3.5: A sketch showing how the embedding £ :

C3 ® C? @ C* — A3C? defined in (3.153) works. The grey

rectangles on the right side represent the image of the three

qutrit families under £. Different families are mapped into
different families.

The constraints of Klyachko define a polytope in the space of possi-
ble eigenvalues of the one-matrix. An important concept is the so called
pinning of occupation numbers which means the saturation of these con-
straints[64, 65]. It is widely believed that energy minima of many fermion
systems usually do not lie inside the Klyachko polytope thus the ground
state will be on the boundary and hence it will be pinned. Indeed there
are both analytical[65] and numerical[66] results that such a pinning occurs
in ground states of realistic systems. As shown by Klyachko[64] pinning
of a state imposes selection rules on it reducing the number of separable
states or Slater determinants that it contains. This is particularly useful in
molecular physics since it simplifies the form of the ansatz one must use in
variational methods to find the ground state.

Selection rules from pinning

Now we review the selection rules imposed by saturation of these inequal-
ities. Let us concentrate on three fermion states with an arbitrary single
particle Hilbert space H, i.e.

1 o
|P) = gpijkplpjpk\()% (3.159)

Recall, that the one particle reduced density matrix is given by
| iy
pil = §BnmPJ"m, (3.160)

and that we use Lowdin normalization Trp = 3(P|P). Let us also assume
that the state is normalized

|
(PIP) = 5P Pryigiy = 1. (3.161)
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Now every Klyachko inequality can be brought to the form

dimH
STy >0, (3.162)
=1

where ); are eigenvalues of the one particle reduced density matrix and y;
are real numbers. Indeed, if there is a constant term in an inequality it can

always be multiplied by 1 = 1 3~ A; which homogenizes it.
Now we show that if a Klyachko constraint Z?;Hlm yiA; > 0is saturated

(ie. Z?;'?H y;Ai = 0) for the eigenvalues of the one particle reduced density
matrix of | Fy) then |Py) satisfies

dim H
( > y*a> [Po) =0, (3.163)
i=1

where a;r creates'? a natural orbital i.e. (0|a; pa;f |0) = Xid;j. To see this, define

the function f : A3H — Rx as

dim H

FUP) = > wiki (3.164)
=1

We can express this as

dimH

FUPY =3 wik

dim H 3165
= Z YipPii 3. )
i=1

= il Pl

1kl

where P;jj, are the amplitudes of |P) when expanded on its natural orbitals.
Using antisymmetry of P;j;;, we can write

1
> il Pl® = 3 > Wil Pl + yil Prial® + il Praal*)- (3.166)
ikl ikl

Now in the second term relabel indices as ¢ <+ k£ and in the third term as
1 <> [. We obtain

1
FUP)) = 5 D 1Pl (i + e+ ) (3.167)
ikl
Recall that f(|P)) > 0 for all states. Then, by the ususal Ritz variational

reasoning we have § f(|P)) = 0 for minima of f. Hence a pinned state | Fp)
should satisfy

of

1 :
—(1P0) = 5 (Po)ikt(vi +yx +w1) =0, Vi, k,l, (3.168)
9P,

3

?Here we are using the Hermitian inner product (.|.) so that we have an adjoint opera-
tion. Natural orbitals are orthonormal with respect to this inner product so {a;, a}} = 04j.
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hence for a given set of indices i, k,! either (Fy)yx; = Oor y; + yr +y1 =
0. Now it is easy to see that for a Slater determinant made up from three
natural orbitals we have

(Z yial ) ab,ahal 0y = (ym + yn + vo)al,alal|0). (3.169)

Using that by (3.168) any Slater determinant in | Pp) satisfies y; +yr + vy = 0

we arrive at
(Z ym}cu) |Po) = 0. (3.170)

As a byproduct, we are now in position to understand why every three
fermion state with six single particle states (discussed in section 3.4.2) can
be transformed into a three qubit state with a local unitary transformation.
Recall that for this system the Borland-Dennis relations (3.50) are true for
the eigenvalues of any one particle RDM. Applying (3.163) to the first three
equations of (3.50) tells us that in the basis of natural orbitals, the only pos-
sible nonzero amplitudes are

Pio3, Pias, Pi3s5, Puss,

(3.171)
Pozg, Poss, Pss6, Pase,

which is indeed a three qubit subspace.

Constrainst on SLOCC classes from pinning

Consider first the case of three fermions with six single particle states dis-
cussed in section 3.4.2. The classical Borland-Dennis result[48] is that if one
orders the eigenvalues of the one-matrix as A\;+1 > A; then one has a non-
trivial inequality

A5+ Ag > Mg (3.172)

Note that this inequality is independent of the normalization of the original
pure state. Now if (3.172) is saturated for a state |P) then according to
(3.163) it must have the form[65, 64]

|P) = aaiaga;ﬂ)m) + Baialaym + vagajlaa()}, (3.173)

in the basis of natural orbitals. It is clear that transforming an arbitary state
to its natural orbital form amounts to a local unitary transformation hence
it does not change the SLOCC class of it. Now if we calculate the matrix K p
of (3.26) for the state (3.173) we get

0 0 0 0 00
0 0 0 0 00
0 0 0 —28y 0 0
0 0 0 0 00 (3.174)
0 2y 0 0 00
228 0 0 0 0 0

This matrix has rank 3, 1 or 0 depending on the value of the coefficients.
Looking at table 3.2 we already conclude that pinning is impossible for states
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in the GHZ class or otherwise stated pinning is impossible for states with
D(P) = #TrK} # 0. One might think that this means that all states with
D(P) = 0 are pinned but this is not the case since the spectrum of the one-
matrix is not invariant under general SLOCC transformations thus pinning
is not a SLOCC invariant concept. Indeed one can easily find both pinned
and unpinned states in the W class. Note that these observations are in per-
fect agreement with the numerical work done by C. L. Benavides-Riveros
et. al.[66] where pinning was studied in finite rank variational approxima-
tions of the ground state of lithium. It was observed there that pinning in
the rank six approximation can only occur if the invariant D(P) is zero.
Consider now the case of seven single particle states of Section 3.5.2.

Pinning for this system is investigated by Klyachko as it is important in
studying the first excited state of beryllium[64]. Moreover it is used as
the rank 7 approximation of lithium orbitals where pinning was also ob-
served[66]. For seven single particle states we have four non-trivial Kly-
achko constraints:

A A+ A+ A7 <2,

M+ A+ A5+ X6 <2,

A2+ A3+ A+ A5 < 2,

A+ A3+ A+ g < 2.

(3.175)

Suppose we saturate the first one: A\; + A2 + Ay + A7 = 2 for a normalized
state P. Then the selection rules arising from (3.163) imply[64] that |P) €
A2C* ® €3 C A3CT. In particular in the basis of natural orbitals |P) must
be a linear combination of separable states with two indices from the set
{1,2,4,7} and one index from the set {3,5,6}. One can easily calculate the
covariants Np,, and Mp®, of eqgs. (3.80) and (3.75) for such states and
conclude that rank N> = 4 and rank Mp = 7. Looking at table 3.4. we
already deduce that there is no pinning for states in class of [Sympl,/GHZ),
or equivalently, for states with a non-vanishing 7 (P) invariant.

Now suppose we saturate three (the first two and the last one in e.q.
(3.175)) of the constraints. In this case |P) must have the form[64]

P) = ap'?|0) + Bp'*°[0) + vp'7|0) + 5p**°|0), (3.176)

when expanded on its natural orbitals. Calculating the relevant ranks for
this state gives rank Np = 1 and rank Mp = 4 which identifies the class of
|Sympl, /SEP) in table 3.4. Moreover one can check that one cannot increase
the rank of Mp by setting any of the coefficients to zero. This means that
states of the form (3.176) cannot be in class |GHZ). However, they do cross
the remaining classes of table 3.4 with smaller ranks, so we deduce that pin-
ning of three Klyachko constraints is only possible for states in these classes.
If we require the saturation of all four constraints then we have to puty =0
in (3.176) and we get back to a state of the form (3.173). Thus pinning of all
four constraints is only possible in a six single particle subspace and only
in the classes |SEP), |BISEP) and |W).
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Chapter 4

Stringy black holes and
entanglement

This chapter is mainly devoted to the construction of the entropy formula
for nonextremal black holes of the STU model using the covariants intro-
duced in section 3.4 in the fermionic context. Along the way we review the
construction of these black hole solutions and, towards the end, we review
some aspects of the black hole/qubit correspondence. In particular, in sec-
tion 4.1.11, we comment on how general nonextremal STU black holes fit
into the four qubit classification of STU black holes.

4.1 Single centered black holes and duality invariant
entropy formulae

411 N = 2 supergravity

The term STU model refers to ungauged N = 2 supergravity in four di-
mensions coupled to 3 vector multiplets[67, 68]. The model is of central
importance in string theory as it can be obtained from most string theo-
ries and is related to various other supergravity theories through dualities.
Also, a suitable solution of the STU model can be used[69] to generate all
single centered stationary black holes of maximal A/ = 8 supergravity[70,
71] which describes the low energy limit of M-theory compactified on 7.
The black hole solutions in the theory can be obtained from the bosonic part
of the action without the hypermultiplets. There are several formulations
of this action, here we simply pick one and refer to the literature on further
details. The action we choose is

_ L 4 E _ 7 ;t—;
5_167r/d$ ViIgK 2+Gij8“707

+ (TN (F1) s (F)H + ReN7 1 (F) s F 7))}
(4.1)
Here, !, I = 0,1,2,3 are four U(1) gauge field strengths and xF! is the
dual of F!. The complex scalars 7%, i = 1,2,3 are coordinates of the pro-
jective special Kéhler manifold [SL(2,R)/SO(2)]** and G is the Kahler
metric of this space. The four dimensional Ricci scalar is R. We will usualy
use the decomposition of 7 into real and imaginary parts as

T = + iy (4.2)
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Then, the Kdhler metric explicitly reads as G;; = (2‘%2 The period matrix

N1 depends only on the scalars 7 and is given as

T

—2r12223—1Y1Y2Y3 (14—2?:1 Y

s b0

; £1Y2Y3 ;T2Y1Y3 1 T3Y1Y2
Tox3+1 Tr1x3+1 Tr1x2+1
) 223 vl 13 v 122 v3

=1

- T1Yoys3 :Y2U3
rox3+i - —z —z
N = 243 v1 v1 3 2
xlzg+iz2§;y3 —x3 71-71/;12/3 —x
- T3Y1Y2 Y192
x1x2+i —z —z —i
o 2 1 “(43)

Note that the equations of motion coming from (4.1) are invariant under
the SL(2, R)?* subgroup of the full U-duality group E7(7y mapping the STU
model to itself. An element

S1® S, ® S5 € SL(2,R)}", (4.4)
is parametrized as
Si=(% %) adi—bei=1, i=1,23 (4.5)
2 CZ er b 1 1T T Y - b A *

and it acts on the 3 dimensional fields the following way. The scalars 7* are
transformed as A
a; 7"+ b;

_ 4.6
- (4.6)

while the electromagnetic potentials ¢ I f 1 transform in the fundamental
(2,2,2) = 8 dimensional representation. Explicitely if one defines the three
index tensor v;;;, corresponding to the amplitudes of a 3 qubit state as

G ¢ ¢ -G

<¢000 Yoo1  Yoio  Yon > _ ( a ol G _<4> 4.7)

Yoo Vo1 Yo Vi

the transformation rule is
g = (5157 (S2)57 (S0 dharjuae. (4.8)

In the following when we write SL(2) we are referring ot SL(2, R) unless
explicitly otherwise stated.

4.1.2 Timelike dimensional reduction

To describe stationary black hole solutions we proceed with the usual pro-
cedure of dimensional reduction along the time coordinate. For details of
this procedure see e.g. [72, 22]. The ansatz for the metric and the gauge
fields is

ds? = —e2V(dt +w)? + e*QUdsé}d),

4.9
Fl=dAl =d(¢!(dt +w) + AD). (*9)

Here, ds?3 Q) = hapdz®dz?b is the three dimensional line element with a, b

being 3d indices. The scalars U and ¢! and the one-forms w and A’ are
considered to be three dimensional fields. One then dualizes w and A’ to
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scalars o and (s as

dQ:[ = Re/\fUdCJ - eQUII’IL/V‘[J *(3d) (dAJ + Cde),

- - 4.10
do = *V *(3d) dw + ¢fd¢é; — &de!. (410

The resulting three dimensional theory is Euclidean gravity coupled to 16
real scalars {U, o, 7%, 7%, ¢!, (;} parametrizing the coset space SSO& The

L2R)*%"
Lagrangian can be written as
1
L= —ix/ﬁR[h] + VhgmnO, PO D", (4.11)
m . . . S0(4,4)
where ®™ denotes the scalars withm = 1, .., 16. The metric g,,,,, on SIER)SE

is expressed through the line element as

%gmd@md@” = Gdrid7 +dU? + %e*w (do + Crd¢! — ¢fdép)?

+ %672U [II’I’L/\/']JdCIdCJ (4.12)
+ (IIIIN)I_} (dé] — ReN[KdCK)(dé:J — ReNJLdCL)].

We can describe the second term in the 3d Lagrangian (4.11) as a sigma
model with target space SO(4,4)/SL(2)**. The Lie algebra so(4,4) has 28
generators. To describe this coset model we have to split this as s0(4,4) =
h@m, where b is an s[5 * subalgebra and m is its 16 dimensional fundamental
representation which we denote as (2, 2, 2, 2). There are actually three ways
to perform this split. We summarize bellow two of them which are relevant
for our purposes.

(2,222){ Hr, pa=BEatFn | pR1=EQ-FQ, pP'=pP' _pP'
T T T
six 4 kan=Ep—Fy | kQU=EQI4+FQ1, kP =gP 4FP (4.13)
(5[;4)U (272)272)U

Here, Hy, Ep, FA, A =0,...,3and EQ1, EP' FQ1, P’ [ =1, ... 4 are the 28
generators of s0(4, 4). For an explicit definition of these generators and a de-
tailed review of the splits, we refer to Appendix A.1. The subscript U refers
to the splitting suited to describe the action of the U-duality group SL(2)*3.
The extra SL(2) factor in this split is the so called Ehlers symmetry, which
always appears when an Einstein metric is dimensionally reduced along
the time direction with a stationary ansatz. The subalgebras without the
subscript answer the split suited to describe the 3d fields parametrizing the
coset SO(4,4)/SL(2)*%.

Let us represent an element of this coset by an SO(4, 4) matrix as[73, 22]

- pl
Y = e_UHoe_% 2 logy; H; ,— 2 zili o— S (T EQr+{ EP )e_%UEO, (4.14)

Notice that there are no F-type generators in the above formula. This choice
of gauge is called the Iwasawa gauge. The next step is to project the Mauer-
Cartan 1-form to the 16 dimensional space spanned by the first line of (4.13)
as

P — %(dVV‘l +(dVy L), (4.15)
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Here, # is the anti-involution defineing the horizontal split of (4.13) (see
also e.q. (A.9)). One finds that the target space metric (4.12) can be written
as the right invariant metric on SO(4,4)/SL(2)**:

Gmnd®"dP" = Tr(P2). (4.16)
The other way of writing this line element is to define the matrix
M =V#Y. (4.17)

Then we have 1
Gmnd @AD" = ZTr((/\/t—ld/\/l)2). (4.18)

We note that on the contrary to P, in general M~'dM is not required to
sit inside the 16 dimensional subspace which is spanned by the first line of
(4.13). The action of the 3d theory (4.11) can be conveniently written as

§=3 /*3dR[h} - i/Tr (MM A xgaM™HdM)

1

(4.19)
= 5 /\*3dR[h} — /TI' (P* /\*Sdp*)v

so that the equations of motion are readily found to be

d (kzaM M) =2-d (x3aV ' PV) =0,
1
~R[hlhap = Tr(— 2(M 19 M) (M M) (4.20)

RWM—Q
+ hap(MT1OM) (M1 M)).

The 16 three dimensional fields can be extracted directly from M (see
[22] for details) so we may proceed describing the theory in terms of M. A
group element h € SO(4,4) acts naturaly on V as

Vs qVh, (4.21)

where ¢ € SL(2)** is a (possibly field dependent) compensator which puts
V back to the Iwasawa gauge. We will see an example of this in sec. 4.1.4
when we work out the action of the U-duality group on V. The same action
in terms of M reads as

M — h¥ Mh. (4.22)

It is then manifest that the line element and hence the 3d Lagrangian is
invariat under this action of SO(4,4).

4.1.3 Asymptotic charges

The general single centered, non-extremal, rotating, asymptotically Taub-
NUT black hole solution of the STU model have 11 independent conserved
charges[21, 22]. These are the mass, NUT charge, angular momentum and 8
independent dyonic charges. These charges can be extracted from the fields
as follows. Define the inverse radial coordinate p = 1 and expand the fields
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around asymptotic infinity. We assume the following expansion

eV =1 -2Mp+0(p?), ¢! = Qip+0(p?),
o =—ANp+ (4 cosd + ¢)p* + O(p%), (1 = Plp+0(p?), (423)
i =Y; (1= Sip+0(p?), v =Xi+Zip+0(p?).

Here M and J are the ADM mass and angular momentum of the spacetime,
Qr and P! are electric and magnetic charges associated to the original 4d
U(1) gauge fields and =;, ¥; denote 6 scalar charges. The constant c is not
playing any role in the following. We can conveniently pack these asymp-
totic charges into an element () of so(4,4). In order to do this first expand
the coset matrix M of (4.17) around asymptotic infinity as

M= MO 4 MWDy 0(p?). (4.24)

Note that the matrix M () does not contain the angulat momentum J which
only enters in subleading order. Now notice that M = V#V is a proper
element of SO(4,4) for every value of the coordinates. It follows that M (?)
and (M©)~! M are all good SO(4, 4) elements. Expanding this latter yields

(MM =T+ Qp+ O(p?), (4.25)

where we have defined the "dressed" charge matrix[69]
Q= MmO, (4.26)

As this is an expansion of an element of SO(4,4) around the identity, @ is
indeed an element of the Lie algebra so(4,4). We can also write this charge
matrix in terms of the coset representative (4.14). In order to do this we
assume the expansion

Y=y vy 0p?). (4.27)

Plugging this into the projected Mauer-Cartan form (4.15) and comparing
the result with the definition of M (4.17) we see that P, has the expansion

1
P, = 5v<0>cg(v<0>)*1c1p + O(p), (4.28)

which is the usual form in which the asymptotic charge matrix appears in
the literature [74] for static extremal solutions’ .

In most of what follows we set the moduli to X; = 0and Y; = 1 so
that M© is just the identity matrix. However, we stress that X; and Y; do
transform under U-duality. One should not worry about this too much as
everything we do in the following relies only on the fact that () is an element
of s0(4,4) which is independent of this choice and hence straightforwardly
generalize to arbitrary X; and Y;. We will treat the cases when X; # 0 and

Y; # 1 separately in section 4.1.5. Setting X; = 0 and Y; = 1 results in the

'The equation of motion for P, can be found from (4.19), and it is just the conservation
law d(%34 V™' P.V) = 0. Conservation here means conservation with respect to radial evo-
lution in p. This only makes sense when we can slice the 3d metric into nice S2s, i.e. for
static solutions. In this case the corresponding Noether charge is precisely 27Q).
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simple form of the charge vector @
Q=2MHy+ Y SiH;+2Npo— Y Zipi — > (Qrp? + PTpP"), (429)
i i I

which we then call the "undressed" charge matrix. We see that in this case
@ lives in the 16 dimensional subspace (2,2, 2, 2) spanned by the first line
of (4.13).

4.14 The action of the U-duality group

In this section we describe in detail the transformation properties of the
asymptotic charges of the black hole under U-duality. This allows us to
construct polynomial invariants of these in the next section.

Action on fields

Recall that the coset element is parametrized in Iwasawa gauge as
VY = e—UHoe—% > ilogyiH; e~ Dol e~ > (¢TECr +§1EPI ) e~ 1oE ] (4.30)

Notice that the gauge is such that the scalar fields are in an "upper triangu-
lar" form in the sence that the F' type generators are not present. We claim
that the U-duality group is generated by the generators H;, E;, F;, 1 =1,2,3
of (4.13) and the action is a simple right action on V followed by the left ac-
tion of a local compensator ¢ € SO(2)*% C SL(2);" restoring the Iwasawa
gauge:

Vs qVg, g€ SL2). (4.31)

Indeed, we may write this as

Vg = erHo (qeié > logyiHief > %'Eig) <91€ Z](CIEQIJr&EPI)g) G,%UEO’

(4.32)
as the generators Fy and Hy commute with SL(2);;*. We see that the part
with the potentials transform simply with the adjoint action. It is conve-
nient to describe the 16 dimensional representation (2,2,2,2)y and its el-
ement ) I(Cl EQr 4+ (;EP I) with the amplitudes 1;;; of a four qubit state
through (A.7). Since there are no FFP' and F@: generators present this four
qubit state has v ;;; = 0 and therefore it is actually a three qubit state. We
can think of ;5 = 0 as the gauge fixing condition. Then, under the U-
duality transformation

STCEY + GEM ) s g S (B + GE g, g e SLR)3E, (4.33)
I I

this associated state transform as
bige = (5157 (S)i™ (S3)i iy, S1© S2® Sy € SL(2)5,  (4.34)

where, according to (A.7), S1 ® Sz ® S3 is the SL(2) é?’ element associated
to g~'. We see that the gauge condition ;5 = 0 on the coset element

does not change. Therefore, this gives the required action of the U-duality
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group on the potentials given in (4.7) and no compensator is needed. We
only need to worry about the gauge condition on the scalars. Multiplying
the scalar term from the right with g spoils the gauge we chose and hence
we need a local compensator. Using the fact that each scalar parametrizes
the coset space SL(2)/SO(2) we expect the local compensator to be from
SO(2)*3[75] and therefore to have the form

g = eXim ki — Yl ai(BimFy) (4.35)

Now it is easy to verify that if we let g to be the SL(2);;* element corre-
sponding to

di  —b dy —b d3 —b
( 1 1>®< 2 2>®( 3 3>, (4.36)
—C1 a1 —Cy a2 —C3 ag
in the standard representation, then in order to restore the Iwasawa gauge

the o; of the compensator have to be chosen as

CilYi

tan o = v (4.37)
Then, we have
qe*% SilogyiHi,— 3, ;riEig _ e’% Silogy Hi =3, z;Ei, (4.38)
with the primed scalars being
,_ (di+ ciwi) (bi + aizi) + aici(z? +y?) _ Yi
g (di + cimi)? + c2y? T (di 4 i)+ Ay

(4.39)
which just corresponds to the usual action of the U-duality group on the
scalars b

/_ @iTi + 0
2t 2 4.40
o + di’ ( )

with 7, = x; + iy;.

Action on asymptotic charges

Now recall that the asymptotic values of the fields are conveniently en-
coded in a charge matrix @ (see (4.26)) defined from the series expasion
of M = V#V around asymptotic infinity. From the previous subsection we
conclude that M transforms under 4d U-duality as M + g# Mg, and hence
the charge matrix simply transforms with the adjoint action

Qr9'Qg, geSL2);. (4.41)

Now from (4.29) we easily see that under the decomposition (4.13) of s0(4, 4)
suitable for U-duality, @ has components both in 5[§4U and (2,2,2,2)y. As
the splitting ensures that these components do not mix under the adjoint
action of 5[§4U we may consider these parts separately

Q=0Q-+Q, (4.42)
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where

Q_ =2MH,+ Z YiH; +2Npg — ZEipi € 5[;4(],

' o ' (4.43)
Qe =— > (Qp + PIp™) € (2,2,2,2)p.
I

Let us first consider ()_. Clearly, M and N are invariant under the adjoint
action of SL(2) (§3 as expected. The six scalar charges ¥;, =; parametrize
an element 5[§3U and hence they transform in the adjoint representation of
SL(2);;*. We define the matrices

I )
R; = < a5 ) (4.44)
transforming under U-duality as
a; b ai b\
Ri < oo >RZ~< o ) , (4.45)
with ( CCL’ Zl > € SL(2). Note that the symmetricity of R; is spoiled by

this transformation but this is simply a consequence of fixing the asymp-
totic values of the scalars which, again, are not invariant under U-duality
(see section 4.1.5. for the general form of R).

The element @), transforms as a four qubit state 1);;;; under the full
SL(2)54 and it decomposes into a pair of three qubit states (1) i = Yojk
and (¥2);i = V11 when just the U-duality group SL(2);" is used. The
explicit amplitudes can be read off using (A.7) and are given as

Yoooo  %ooo1 Yoot  Yooi1 -P* —Q3 —-Q» P!

Yo100 Yorn Yoo Yorr | | —@1 P?*  P3 Qu (4.46)
Y00 Yioo1 Y10 Yionn | | Qa4 PP P* Q1 |7
Y1100 Y1101 Y1110 Y1111 Pl @y Q3 -—P!

Note that this pair is related through

0 -1 0 -1 0 -1
For the corresponding pair of three qubit states dressed with non-trivial
scalar asymptotics, see again the next section 4.1.5. The index correspond-
ing to the first qubit transforms as a doublet under the extra Ehlers SL(2).
Note that the scalar charges are singlets under the Ehlers symmetry: the

adjoint 28 of SO(4,4), where @ lives in, decomposes under the maximal
subgroup SL(2)* = SL(2) ghiers < (SL(2)5*) as 28 = (3,1) @ (1,9) © (2, 8).

4.1.5 Dealing with scalar asymptotics

Here we consider explicitly the case of general asymptotic values X; and
Y; of the moduli. We expand the "dressed" charge matrix defined in (4.26)
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using (4.23) as

Q = quy Ha +qp, Ba +ar, Fa +Gpa; B9 + 4o BT 4 pa, FO 4 q e FT

(4.48)
Note that in general this matrix does not live in the 16 dimensional four
qubit subspace corresponding to the first line of (4.13). However, we will
soon see that there is always a 4d U-duality transformation which rotates it
back into this subspace. The part in s ; reads as

Q_ =2MHy+ 2Npy

—

3 - —_ —_
_|_Z 2._:2'7& H: + _:,_QE,X,_'_:iXiZ B _—R
7 Y;Q i =i iV Y;»2 i }/7;2 i
=1

(4.49)
and hence the R; matrices of (4.44) obtain the following dressing
— = 2
5 — BN E - 2n X 4 A
Ri=| " W RN G (4.50)
_% _E’L -+ —';'.27,
The four qubit state in (2, 2,2,2)y is
Qs = apes EY + 4ot BY' 4 qpa, FO + qpr FT. (4.51)

The amplitudes corresponding to the first three qubit state (see (A.7)) are
unchanged

(1/10000 o001 o010 ¢0011>

¢0100 ¢0101 d}OllO 100111

< dprt  4EQs dpe2  —d4gpl >
dper —qpp2 —4pp3 —4pQq
_( -P* —Q3 —Q» P!
B < -Q1 P* PP Q4 )
(4.52)
On the other hand the second three qubit state

(%000 Y1001 Y1010 Y1011 ) _ ( —qpQs qpp3 dpp2  qp@: )

Y1100 Y101 Yo Pun dppt  4pQz 4pes —qppt

(4.53)
has the following dressing
Yijk = D;l/)Dﬁ?D,ﬁ)/woZvj%/, (4.54)
or equivalently,
[¢) = (DY @ D @ D¥)|yy), (4.55)
with ) ,
; 1 X —-X?2_YV.
(1) — = ? ) 7

This is the generalization of the relation (4.47) and shows that the pair of
three qubit states are related by a moduli dependent SL(2)7* transforma-
tion.

Now we can also relate the charge matrix of an arbitrary solution through
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U-duality to an auxiliary charge matrix with trivial scalar asymptotics. In-
deed, looking at (4.14) it is manifest that we can remove the scalar hair from
the coset element V by the U-duality transformation V — V7 ~! where

J = e 3 LilogYilli o= 5 Xibi = 1)(0), (4.57)

is the SO(4, 4) matrix corresponding to the SL(Q)IX]3 element

VYi\ 0 Y

Notice that due to (4.37) this transformation does not require a local com-
pensator to go back to the Iwasawa gauge with V. One may check with
explicit computation that the asymptotic value of the coset element (4.24)
indeed satisfies

1 _X.
JI®J®J3e SL(Z)E}?’, Ji=—= ( L —X; ) . (4.58)

T*T = MO, (4.59)

As a consequence, for any general charge matrix () we may define a duality
transformed one

Q=JQJ ", (4.60)

which corresponds to a black hole with trivial moduli. From (4.28) it is
immediate that the projected Mauer-Cartan form expands as

P, = SQdp+ 0(p) (4.61)

and hence @ is inside the 16 dimensional subspace (2,2,2, 2) spanned by

the first line of (4.13). To obtain the explicit expression for () we use the
relations

A - % -3
DO — Ji_l < (1) 01 ) Ji, Ri= Ji_l ( = _g' ) J; (4.62)

N

v
to relate the auxiliary charges of Q to the physical ones of Q. Following 4.1.4

we deduce that the dyonic charge vectors [¢); ») of Q are expressed with the
physical charges |¢1) as

(1) = (J1 @ Jo @ J3)[¢n),
[2) = (J1 @ Jo @ J3) (DY © DP © D®)japy)

(45)e (2o (1 Y menenmo

We see that the vectors \15172> are indeed related as in (4.47) which is valid
only for the trivial moduli. For the scalar charges one has

(4.63)

. », =
R, = JRJ ' = =Y. (4.64)

Since the entropy of black holes is blind to the 4d U-duality transformation
(4.60) we obtained the result that for any asymptotics we may calculate
the entropy by just using the formula for canonical moduli with replacing
the dyonic charges by (J1 ® J1 ® J3)|¢1) and scaling the scalar charges as



4.1. Single centered black holes and duality invariant entropy formulae 89

—

=P
-
Y;

S(Xi, Y5, 1), 54, E) = S <Xi =0,Y; =1,(J/1 ® J2 ® J3)[¢n), X,
(4.65)

4.1.6 The most general non-extremal single center black hole so-
lution

Here we give a short review of some of the results and the solution gener-
ating technique presented in [22]. We have seen that if M is a solution to
the equations of motion then so is h# Mh. This fact can be used to generate
new solutions from a known seed. This method is used by the authors of
[22] to find the most general single centered stationary black hole solutions
of the STU model. They chose the four dimensional Kerr-Taub-NUT metric
as their seed with mass m, NUT charge n and angular momentum J = ma
(here a is a parameter). This solution can be given in terms of the 3d coset
language as follows[76, 22]. The 3d metric hq is

RU dr?  du?
2 _ 2
where u = n + acos 6, ¢ and 6§ are the usual angular coordinates and
R=r4+d?>—n?>—2mr, U=0a>—-n?—u?+ 2nu. (4.67)
The coset matrix is expressed as
1
MgkrN = >
R-U 0 0 0 0 0 0
0 R-U 0 0 0 0 0
0 0 r24u? 0 0 0 2(mu—nr)
0 0 0 r24u? 0 0 —2(mu—nr) 0
0 0 0 0 R-U 0 0 0
0 0 0 0 0 R-U 0 0
0 0 0 —2(mu—nr) 0 0 (r—2m)2+(u—2n)? 0
0 0 2(mu—nr) 0 0 0 0 (r—2m)2+(u—2n)?
(4.68)
This solution is then charged up with the group element[22]
h=e 21 kP! e~ 21 51kQ1, (4.69)
as
M = h#* Mgryh. (4.70)

The next thing we need to know is how the physical charges of the black
hole are expressed with the 11 parameters m,n,a,dr,yr. Without J, there
are all together 16 asymptotic charges in (), which can be expressed in terms
of 10 seed & charge parameters, m, n, d;, vr. Therefore, the scalar charges
are not independent of M, N and the dyonic charges, but we will keep
them explicit until section 4.1.9. Notice though that when we turn on the
asymptotic moduli X; and Y; this black hole is described by 16 independent
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parameters, which is the number of components in the auxilary charge ma-
trix Q of (4.60). Therefore, there is a sense in which we can think of the
scalar charges as being independent variables: we exchange the moduli de-
pendence for them.

We quote the formula for the mass and the NUT charge

M = pym+ pin, N =rvim+ von, (4.71)

where 1, 12, v1, 12 are functions only of 67, yr and are given explicitly as

S§1+831 2 .2 1 2 2
n1 = 1+Z T—S(SIS,YI +§ZS(§IS,YJ,
I

J;
o (4.72)
SyI CyI
M2 = S§ICST\ —Cy1234 — — —S~1234 |,
T Cyl SnI
Cs1 Ss1
vy = E SyICHT (851234 - 651234>, vy =1—D, (4.73)
7 Ss1 Cs1
with
. S§1J CyIJ
L = C51234Cy1234 + S§512345~1234 + E C51234—— 541234,
I<7 CSI1J SyIJ
4.74
D— S§IJ SyIJ (4.74)
= C§12345y1234 + S51234Cy1234 + E C51234 —— ——Cy1234-
T=7 Cs1J CyIJ

Here the notation is resolved as follows: ¢s, = coshdy, ss, = sinh d7 and the
same for 7;. Multiple indices denote that one should take the product of
the hyperbolic functions e.g. csr; = coshdy cosh d ;. The rest of the charges
can be obtained through the formulae

02M 02N
— = __pl 4.75
2M—314+32+23
aQ[ _ 2M+31—Xo+X3
66J B 2M+31+32—33 ’
2M—31—3o—3X3
(4.76)
] —2N =3 o —=1
oP 23 2N E —=
a; | =2 -E -2N -E3 |’ 4.77)
-5 —-Ey —EH3 —-2N
o%; -Q1 Q2 Q3 —Qu
95, Q1 Q2 Q3 —-Q4 |,
J Q1 Q2 —Q3 —Qq 178
9= -p+ p3 p2 _pl (4.78)
:i: P3 _P4 Pl _P2
04y

Note that these identities are simple consequences of the fact that we have
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defined the charging up element h with the §; parameters being on the
right. Therefore, for the charge matrix ) = h#Q grnh one has
2Q

% .Qr
o2~ [191.q) 79)

and hence taking the ¢; derivative of a component of () in some basis just
amounts to multiplying with the adjoint representation of k%! in the same
basis. We have used here that / is generated by the subalgebra in the second
line of (4.13) and hence we have h#* = h 1.

After reconstructing the 4d solution the Bekenstein-Hawking entropy
of the black hole can be calculated. It reads as[22]

S=2r(VA+F++—-J?>+F), (4.80)
where A = —T%HDet(wijk) is the quartic invariant (hyperdeterminant) of

(1.24) formed from the dyonic charges via (4.46) and F' is expressed with
the seed and charge parameters as

F = (m? +n?)(mvy — nuy)>. (4.81)

To obtain asymptotically flat black holes one can cancel the NUT charge by
setting n = —mZl.

4.1.7 The F-invariant

The aim of this section is to construct an expression for the quantity F' ap-
pearing in the entropy formula (4.80) in terms of the asymptotic charges
of the black hole. In general, we expect F' to be a very complicated func-
tion, but we know that it has to be invariant under the four dimensional
U-dualtity group SL(2);. This is because the quantized version of this
symmetry is expected to be a symmetry of the full string theoy spectrum[77]
and the black hole entropy only counts the number of states with a given set
of charges. As all other quantities appearing in the entropy are U-duality
invariants, the quantity F' has to be an U-duality invariant as well. Our
strategy to obtain an expression for F' is then the following. We construct
the polynomial duality invariants which can be formed from the asymp-
totic charge vector @ of (4.29). It turns out that there are only a reasonable
amount of these invariants with a homogeneous degree agreeing with that
of F. Then we take linear combinations of these invariants and find the
coefficients by requiring the expression to agree with the parametric ex-
pression of (4.81) for F'.

In order to be able to write up invariants we first need to construct co-
variants with indices transforming the same way. We have seen that this
transforms under four dimensional U-duality as a (not general) vector in
9 @ 8 @ 8, where 9 refers to the adjoint representation, while 8 is the fun-
damental corresponding to a three qubit state. Luckily, there exists a con-
struction, called the moment map, which allows one to associate an element
transforming in 9 to a pair of vectors in 8. Unfortunately, this construc-
tion will result in an unnecessaryly large covariant algebra. We can signif-
icantly reduce this by incorporating "triality" symmetry of the STU model:
the symmetry under permutation of the three SL(2) factors. This leads us
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to consider the embedding 5[§3U C slg and to construct the moment map
in the SL(6) covariant language of three fermions with six single particle
states, which is described in great detail in section 3.4

Now recall that an unnormalized three fermion state with six modes, as
described in section 3.4, can be written as

1
[P) = 5; Panep"p'p°|0) € AY(CY), (482)
where p® are creation operators associated to some single particle basis
and the antisymmetric tensor P,;. have 20 independent components. The
SLOCC group of this system contains SL(6,C) which acts locally on the
amplitudes as

Pape 5 Sa¥ S 8¢ Pyyer, S € SL(6,C). (4.83)

Now let us recall that we have a 6 x 6 matrix Kp defined in (3.26), bilinear
in the amplitudes, that transforms nicely under this action

Kp— (ST 'KpsST. (4.84)

There is a single independent continous invariant that we can form for
which is quartic in the amplitudes. We recall its formula here:

1
D(P) = éTrK}%. (4.85)

Note that this quantity is a measure of tripartite entanglement for the fermions,
see section 3.4.4 for details. The situation is different if we have two states
|P) and |Q) at our disposal. In this case we can define the following covari-
ants

1 ,
(Kp)ab = ﬁﬁaﬁ@ca&lcspchzP83C4C57
(KQ)ab = 2‘7?”6(16162630465ch1czQ63C4cs7
a 1 ac1c2C3c4C5 (486)
(KPQ) b — T3!€ Pb61CQQ0364C57
(KQP) b — 2|73|€a0162036465ch152P03C4C5-

This is the polarization of (3.26). Traces of products of these define invari-
ants. In particular the fermionic Mukai pairing of section 2.4.1 can be ex-
pressed as

1 1 1
(P, Q) = gTrKPQ = —gTrKQP = ﬁ6610203040566P616263QC40566' (4.87)

Notice that, in the Clifford algebra language of section 2.4.2 we can write
these quantities as the bilinars

(KpQ)*, = —(P,p"mpQ). (4.88)

Now recall that we can identify three qubit states with the single oc-
cupancy states of this fermionic system, see section 3.4.3 for details. The
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identification is given by

1
) = | Pyy = > ¢urp 7 TPpHR|0). (4.89)
1,7,k=0

Then, it is easy to see that a three qubit SLOCC transformation
Yiji (51)ii,(SQ)jj/(53)kkl¢ij/k', S1® S, ® S5 € SL(2);5%, (4.90)
can be implemented in the language of of three fermions (4.83) by choosing

S1
S — Sy € SL(6,C). 4.91)
S3

As permutations of these three 2 x 2 blocks is also in SL(6), this way we
also covariantize the triality symmetry of the STU model.

The 8 dyonic charges transform under U-duality as a three qubit state
under SLOCC. We can therefore associate covariants transforming in the
adjoint of SL(2)}® to the pair of three qubit states given in (4.46) using
(4.86) and (4.89) as

1
(KH)ab = 2'73'6110102630465 (Pwl)bclc2 (P¢1)0364657

1 .
72'3| gaereacacacs (sz)bclcz (Pw2)6304c57
131 (4.92)

1 3C4C5
2'73'6“16203046“’ (Pll)l )bclcg (sz )0304057

1
2'73'6aclczcgc4cs (P¢2)b0162 (P¢1 )630465.

(K22)% =
(Ki2)% =
(K21)% =
The main point of defining these bilinears borrowed from entanglement

theory is that they transform exactly the same way under SL(2);* as the
scalar charge matrix

> —-F 0 0 0 0
BT -Z =X 0 0 0 0
R 1 BT B 0 0 Yo —Z9 0 0
- 2 - 0 0 —-E5 =Y 0 0 ’
RT
3 0 0 0 0 Y3 —ZE3
0 0 0 0 —-Z5 —X

see e.q. (4.44).

The four matrices of (4.92) can be grouped into a 2 x 2 block matrix K,
transforming under the Ehlers SL(2) as 2 x 2 = 1 @ 3 in its ab indices. We
note that the singlet part satisfies the relation

Ko — K2 = (Z(Q% + (P1)2)>I, (4.94)

1

and hence only three of the K ;s give independent covariants.
Let us proceed by listing the independent primitive invariants of homo-
geneous degree less than or equal to four in the asymptotic charges, that
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can be formed by our covariants.

e Degree 1 invariants:

M, N. (4.95)

e Degree 2 invariants:
Tr(K12), Tr(R?). (4.96)

e Degree 3 invariants:
Tr(K12R), Tr(Ki1R). (4.97)

e Degree 4 invariants:
TrK%, TrKZ, Tr(Ki1Ks), Tr(RY). (4.98)

To reduce the set of independent invariants we have used the identities
Tr(K11R) = —Tr(K»R), Tr(K1)) = Tr(K3,),
TI'(KHRQ) = TI(K22R2) = 0, TI'(KngH) = *TI'(KQKQQ),

1
Tr(K2R?) = 6(Ter)(TrRZ), 3Tr(K 11 K9) + (TrK12)? — 3Tr(K3,) = 0.

(4.99)
Note that we can write some well-known U-duality invariants in this
language. First of all, Cayley’s hyperdeterminant

A=k (4<Q1Q2Q3Q4+P1P2P3P4>+2 > QiQxP PX=3 Q)% (P J>2>

J<K J
(4.100)
is just given as
1 1
A= —%TrKfl = —%TrKSQ. (4.101)
With the notations of section 3.4, we can write this as A = —1—16D(P¢). Sim-

ilarly, the relation to the hyperdeterminant HDet();;;,) of (1.24) is just
A= —%HDet(wijk), (4.102)

where 1);;;, is given by (4.46). The asymptotic value of the quadratic sym-
plectic invariant /5 is

1 1
I = 1 Z(Q% + (P1)?) = —ﬁTrKlg. (4.103)
I

The quadratic invariant

00 1 in =i 1 —2 2
53 = 1G0T 0T e = 7 D (EF 45D, (4.104)

can be expressed as
1
S§5° = gTr(R2). (4.105)
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Now recall the formula for the F' invariant in terms of the charge-up
parameters 7, 77 and seed variables m and n:

F = (m? +n?)(mvy — nvy)?, (4.106)

where v; and v, are the functions given in e.q. (4.73) and they do not scale
with the charges. We see that F'is of homogeneous degree 4 in the charges
and we expect it to be U-duality invariant. From the 10 invariants that we
have identified at the begining of this section we can form 22 monomials
of homogeneous degree four. We can form a linear combination of these,
equate it to /" and try to solve for the coefficients. The simplest way to
do this is to generate various random sets of parameters m, n, 6; and v
and try to solve the resulting numerical, linear equations simultenaously. If
this works for a considerably higher number of equations than the number
of variables, which is 22, we can probably trust our coefficients. We did
this procedure for 600 equations and we have found a single solution. The
obtained numerical coefficients have been rationalized and the result was
tested analyticaly with a computer algebra system. The result is [P.5]

M? M N?
F=M*'"+M’N? + g Tk = 5 Tr(KinR) + —Tr(R?)

24 24
N 1 1
= gy (KuR) + 193 <Tr(K121) — Tr(K11 Kg) — 5(T]:J«z?)? + Tr(R4)> .
(4.107)
In the asymptotically flat case one sets N = 0 (or n = —m ). In this case
the F' invariant reads as
2, ,,2)3
F= m4w = M4 — M2I5° - %Tr(KlgR) - %A
Y2 (4.108)

1 1 1
— —Tr(K11 K2) — —(S5°)% + — Tr(R*

where we have reintroduced the familiar U-duality invariants where it is
possible. We stress that for general scalar asymptotics one should use the
R and K., matrices as given in section 4.1.5. It is useful to write the F’
invariant without an explicit reference to the auxilary 6 dimensional repre-
sentation that we have introduced. We may employ the invariant bilinear
product of (4.87) to write

TrKq9 = 3(Pw1,P¢2),
Tr(K12R) = —(Py,, R.P,,),
Tr(K11K22) = —(Py,, (K22)« Py, ),
Tr(Klzl) = _(P?/)lv (Kll)*PdJl)v

(4.109)

where we have defined the action of a Lie algebra element ¢ € sl(6) on
P e A3Cas
(teP)abe = t*aPave + 1%y Padc + t*c Pasa- (4.110)

Also, let us define the 8 x 8 matrix R corresponding to R in the fundamental
representation of the U-duality group:

R=RIoIol+I®oRIoI+I®I®RE, (4.111)
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see (4.44) for the definition of R;s. Then we have Trk? = 4TrR? and

1 1 - 1 .
TrR* — 5(TrR2)2 =3 <TrR4 - 8(TrR2)2> : (4.112)
We may then rewrite the F' invariant as
M? M LN
F=M"'+MN*+ T(Pwl,sz) + Q(PwnR*sz) + %TT(RQ)
N 1
+ ﬂ(13#,1,}2*13%) — @(Pwl, (K11 — K22)+ Py, ) (4.113)

L (Lo h2v2  mpd
+ 1535 <8(TrR )* —Tr(R )) ,

which will be well suited for generalization to the £ invariant case.

As a final remark, we note that a single centered STU back hole para-
metrized by six moduli and eight dyonic charges is expected to have five
independent U-duality invariants[78]. The reason that we have more than
this in (4.96)-(4.98) is that we treat the scalar charges as independent vari-
ables. This allowed us to turn F' into a polynomial invariant.

4.1.8 E; invariant entropy for black holes in V' = 8 supergravity

As we have mentioned all 4d black holes of maximal N' = 8 supergrav-
ity can be obtained from STU black holes via U-dualities. Therefore, if we
manage to write up (4.113) with the use of E7 invariants, we automatically
obtain the entropy formula for these black holes. This was partially done
in [P.5] and then subsequently completed in [79]. In this section we review
this generalization.

We have seen that in the STU case the charge matrix is an element of
50(4,4) and the U-duality group SL(2);;* C SO(4,4) acts on it through
the adjoint representation of SO(4,4). This representation decomposes as
28=1010139 @ 8® 8. There is a general way of constructing invariants
on 9@ 8@ 8 which allowed us to identify the F-invariant. In the N = 8 case
the 3d coset model is Fg(g)/SO*(16) and the U-duality group is Fr(7). We
expect that in this case the asymptotic charges of the black hole parametrize
a Lie-algebra element () € ¢s and the U-duality group E;¢;y C Ey) just
acts by the adjoint action of Ejgg). This representation decomposes as 248 =
1®1® 1@ 133 @ 56 @ 56 and hence the relevant representation space is
133 @ 56 @ 56 with 56 replacing three qubit states containing dyonic charges
and 133 replacing 9 containing the 70 scalar charges 2. The moment map
from pairs of 56 to 133 can be formulated. The construction goes as follows.
There is an E7(7) invariant antisymmetric bilinear form on 56, let us denote
this by (.,.). We may define an ¢; element Ty, y, associated to the pair
Uy, ¥y € 56 by demanding

H(T, T\Ill‘I/2) = <\1113T\112>7 VT € er. (4114)

Here, « is the Killing form on e¢7. We note that the covariants (4.86) may
be obtained in the same way from the Mukai pairing (4.87) so that this is

*Recall that in the STU case 9 contained 6 scalar charges, this is just an artifact of fixing
the scalar asymptotics.
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indeed a direct generalization of these to E;. Using 56 =2 A2C3 @ A%(C8)* we
may parametrize ¥,, a = 1,2 with a pair of antisymmetric 8 x 8 matrixes:

Vo = (297, 59)), (@ @) = —(c @), 4@ = 4l (4.115)
and using e7 = slg @ A1C8 we can parametrize the generators as

and X;;;; totaly antisymmetric. We refer to appendix A.2 for the commu-
tation relations, the action of ¢7 on 56 and the Killing form in terms of this
parametrization. The invariant bilinear product reads as

(1, Wa) = (aD)y? — (2D, (4.117)

Then, using the definition (4.114) of the moment map and equations (A.21),
(A.22) and (A.23), a short excercise reveals the explicit form of the moment
map to be

Tw,v, = ((A(ab))i 5 (B(ab))igkt)

) 1 a 1 a)\nm nm, (a )
(han)'; = = (@) + @O)myD) + 2 (@)l + @®)myli) o',
1 a)\mn a) (b
(E(ab))ijlcl = E(eijklmnop(l‘( )) (m(b)) - y[(”)y]i”))

(4.118)
Note that in this formalism we have the Cartan-Cremmer-Julia invariant
expressed as

1
I, = 7<\IJ T\pq;\lf>
1 .
= 292 yy; — 1(37”%]‘)2 (4.119)
1 -
96 (eljklmnopx ]l_klxmnxop + fwklmnopyijyklymnyop)-

The conventions of [22] are such that I, = 4> and <} is the one that reduces
to A of (4.100) for the STU duality frame. The dyonic charges parametrize
Uy, U, € 56 generalizing 11,12. The STU charges (4.46) sit inside this ¥,
and ¥, as

(2) (2)
Y12 (x()34 (2236 ?/7;; Yoooo  Yooo1  Yoo10  Yoo11
1

()™ yé? ?J:gi) ()12 _ L [ %o %or01 o110 Yoin
g (@) (s M) V2 | Y1000 Y1001 Y1010 Pro11
@) g (@)1 Y1100 P01 Yo Yiin

-P* —Q3 —Q2 P!
1 -Q1 P2 PP
= PP |
Pl Qy Q3 —-P*
(4.120)
with all the remaining (z(*))¥ and yl(;) vanishing. See [80, 81] for details.
One imediately verifies that the relation to the fermionic inner product of
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e.q. (4.87) is simply
(U1, Vg) = (Pl/)p PT/Jz)v (4.121)

and that { reduces to A.

As the next step, we have to parametrize an element R € ¢7 with the
70 scalar charges. Denote the corresponding 56 x 56 matrix in the adjoint
representation with R. In the STU duality frame R should reduce to R of
(4.111) on the eight dimensional SL(2)** invariant subspace of 56, where
the pair of (4.120) lives, and to some apriory unknown action on its com-
plement which completes it into an elment of ¢7. Such a complement part is
clearly required as one may check explicitly that for any generator 7" of E~
represented in 56 the invariant Tr7* satisfies

Tt = —(TrT?)?, (4.122)

1
24
and hence the last part of the F invariant (4.113) involving TrR* cannot be
written directly in this form using R. Finding the scalar charge matrix R
requires the explicit knowledge of how the scalars parametrize the 4d coset
E;(7y/SU(8) and how the STU duality frame sits inside this parametriza-
tion. This program was done recently in [79]. The coset representative here
is chosen to be

3

1 .

VY = exp (—2 E log y;U; - H) exp (—x1E127 — 2o BT — a:3E567) , (4.123)
i=1

for the definitions of H and E'/* see appendix A.2. The vectors ; are®

R 1 3 1 1 1 1 1

L <_2’_2\ﬁ’2¢ﬁ’2\/ﬁ’ 2@’2\/6’_¢§>’

L 1 3 2 2 1 1 1

U2_< 1T VR VI 2vI0) 2\/6’\/§>’ (4.124)
[ 13 ﬁ \/é 11 1

B U A I IRV TRV

The scalars z; and y; are the scalar fields of the STU duality frame. The
scalar charge matrix R is obtained via expanding M = VTV around p =
150

M= MO 1+ MD)p 1+ 0(p?), (4.125)
R = (M)~ pm®, (4.126)

We have 1
TrR? = gTrR2, (4.127)

3Notice that our #; is minus the one in [79]. This is to obtain a correct match of R with R
on the STU subspace.
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and we also have [79]

3(TrRk%)? — 8TrR* =

2
%(5(%732)2 +V5/53(TrR2)4 — 283311 TrR2TrRS + 2936TrR?).
(4.128)
We can also confirm the following relation through explicit calculation:

(Pyys RuPy,) = —%(1/)177%@&2). (4.129)

Now everything is in place to write the F' invariant (4.113) in a manifestly
E7 invariant way as:

M? M N
F = M*+ M?N? + T(xpl, Ty) — 4—8(\111,R\I/2> — 4—8<\I/1,R\111>

N? 1
+ @Tr(RQ) - @@’1, (Tw,w, — Tw,w,)¥1)
1
T l034 ((TrR2)2 B 3i2 V53 (TR — 283 1TIR? TR + 293°ThiR* ) .

(4.130)

4.1.9 Relations between scalar charges and physical charges

The formula (4.107) is entirely in terms of the asymptotic charges of the
black hole and is manifestly invariant under U-duality and permutation
of scalars. However, it does contain explicitly the scalar charges ¥; and
E; which are not independent of M, N, @r and PI. A formula entirely
in terms of the physical charges would require solving for the functions
Yi(M,N,Q,P),Z;(M,N,Q, P). In this section, we provide constraints that
these functions must satisfy and solve them for some special cases. We
illustrate on the example of the four electric charge Cveti¢-Youm black hole
that in general it is not possible to give the F-invariant in terms of radicals
of the physical charges.

We start by describing the constraint equations. Recall, that the charge
matrix @) of (4.26) tranforms as a four qubit state (see (A.6)) under the action
of the SL(2)** spanned by the second line of (4.13). The charge-up matrix
h of e.q. (4.69) is an element of this SL(2)**. We have reviewed in sec-
tion 3.6.3 that this 16 dimensional representation admits four algebraically
independent continous invariants. All of these can be checked to be pro-
portional to the appropriate power of the combination (m? + n?) of the
seed parameters. It follows that they provide 3 independent polynomial
equations among the 16 asymptotic charges in ). We could in principle
write up these equations in terms of the invariants of (3.117) but it is alge-
braically somewhat simpler (but equivalent) to proceed slightly differently.
Consider the characteristic polynomial of the charge matrix Q:

p(A) = det(A\ — Q). (4.131)

It is clear that the characteristic polynomial is invariant under the charge
up operation and hence we have

P(A) = po(N), (4.132)
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where the characteristic polynomial for the seed solution is

po(/\) = det()\I — QKTN)
=\ ()\2 —4m? — 4n2)2

(4.133)
1 2
=\ </\2 - TrQ2> ,
4
where we have used the invariance of TrQ? to express m? + n? in terms of
asymptotic charges. The two polynomials agree iff all of their coefficients
agree hence we have the following 9 polynomial equations

dk
dF

One can check that for k¥ = 1,3,5,6,7,8 these are trivially satisfied and
hence we are left with 3 equations. These 3 equations have linearly inde-
pendent gradients in the scalar charges which indicates a three dimensional
solution set. However, this does not tell us anything about the set of real
solutions. One can easily check that as one approaches the seed solution
by taking Q; — 0 and P! — 0, there is only one real root satisfying the
consistency requirement ; — 0. This shows that it is possible that the
three equations are enough to determine the scalar charges uniquely. To
say something more precise about this one would need to determine at least
the real dimension of the semialgebraic set defined by these equations, but
to our knowledge, there is no method to do this to date. Instead, in the
next section we provide solutions to (4.134) for some special charge vec-
tors, where the F-invariant is known explicilty, and hence we can compare
our results with the existing literature.

Before doing so, we comment on what happens with these constraints
when one considers black holes with non-trivial asymptotic moduli. In this
case one can just replace ) in (4.131) with the auxiliary charge vector Q,
as readily seen from (4.60). This shows that whatever expressions ¥; =
filM, |Yn)), i = gi(M, |11)) we find for trivial moduli by solving (4.134),
we can safely use them for non-trivial moduli as ¥; = f;(M,(J; ® Jo ®
J3)[¢1)) and =5 = Yigi(M, (J1 ® J2 ® J3)|11)). Combine this with (4.65) to
get the expected result

(P(A) =po(A))[a=0 =0, k=0,....8. (4.134)

F(X3,Yi, [¢1) = F(Xi = 0,Y; = 1, (J1 ® J2 ® J3)[¢1)), (4.135)

which is then guaranteed to be valid as long as we can use (4.134) to solve
for the scalar charges. This is the case for the first two of the following
examples.

4.1.10 Non-extremal special cases
Klauza-Klein black hole

The Klauza-Klein black hole[82] is obtained by setting Q2 = Q3 = Q4 =0
and P2 = P3 = P* = 0 and N = 0. From the parametrization (4.75)-(4.78)
we can deduce that =; = 0 and 33 = ¥3 = —%; in this case. We can put
this into (4.134) as an ansatz and observe that it automaticaly solves two
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equations. The third equation reads as
S1(8M? + (PY)? 4+ QF —2%7) =2M ((P')* - Q7). (4.136)

As expected, there is only one root that vanishes for zero charges. For this
root we have found numerical agreement between our formula

F- <M2 - 1(Pl>2> <M2 - 1@%) LM (P - Q2 — =5, (4137)
4 1 8 16
for the F-invarant and the complicated expression presented in [22] for the

Klauza-Klein black hole. We may further specialize by setting P! = 0. In
this case the above equation factorizes as

(2M + %) (QF +4MS; — 2%%) = 0. (4.138)

The physical root is £y = M — /M2 + 2Q%. Upon substituing this into the
formula for the F-invariant we get

1

F=—
64

<32M4 — 40M2Q% — QF + AM(4M? + 2@%)3), (4.139)
in complete agreement with [22].

—iX%X! supergravity black hole

Now let us consider the axion-dilaton black hole of [83]. We set the electric
and magnetic charges pairwise equal Q1 = Q4, Q2 = Q3, P! = P* and
P? = P3. We also set the NUT charge to zero. From (4.75)-(4.78) we observe
that in this case we have ¥y = X3 = Z3 = 23 = 0. Using this as an ansatz in
(4.134) we are left with a single equation

2(PY? (2M21 + (P?)? — QF — Q3) + 2Q2 (4ME1(P?) + 2M Q2% + Q3Q-)
= 4MPE] + AMPY] + (P1)(8ME1Q1 — 8(P?)Q1Q2)
+2(P?)? (2MS1 + Q1 + Q3) +4MQ3S + (PH* + (P*)' + Q1 + Q3,

(4.140)
which admits a single real solution
5, _ (P = (PP —QE+ Q3
zM (4.141)
- P’Qy-P'
s_al —_— T.
This agrees with the axion-dilaton charge obtained in [83]
DIN2 L (P2 4 i0)a)2
T (3 - imy) = — QUEIP) T+ (P +iQa)7 (4.142)

2M

Upon inserting this into our formula (4.107) for the F-invariant we obtain

1

F=
16

(4M2 o (Pl o P2)2 . (Ql o Q2)2) (4M2 . (Pl + P2)2 o (Ql + Q2)2) ,
(4.143)
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in complete agreement with [22, 83]. We note here that when the single
modulus of this model is turned on we have to replace the charges accord-
ing to (4.135). Explicitly, this leads to the following replacement rule

(6 ) (o ) (@)

() m (o ) (5)

which, again, agrees with [83].

(4.144)

Dilute gas limit

We can recover the dilute gas limit of [84] as well. In this limit, we have the
following constraint among the magnetic charges

P4+ P21 Pl pPi=n. (4.145)

Provided that this is true, all three equations of (4.134) can be solved exactly
by setting

Y1="2M+Q2+Q3, Y2= 2M —Q2—Qu, X3=2M —Q3— Q4,
Z, = P2+ P3, Sy = —p?2_pt =Z,=-_p3_ P4
(4.146)

These roots cannot be physical for all values of the charges as for vanishing
charges we must have ¥; = 0. However, in the dilute gas limit, the charges
are large and hence this requirement is outside of the region of validity.
Define the excitation energy as 0M = M — Mpps = M — i(Ql + Q2+ Q3+
()1). We obtain the dilute gas limit of F by substituing (4.146) into (4.107)
and scaling Q; — p2Q;, i = 2,3,4 and P! — P!, while keeping §M fixed.
Upon u — oo the leading order x® in F vanishes. The next to leading order
contribution is the coefficient of ;6 which is

(1]

Fo = 56MQsQ5Qs (4.147)

which agrees with the result of [84].

Four charge Cveti¢-Youm black hole

Here we set all the magnetic charges and the NUT charge to zero but al-
low for arbitrary electric charges[85]. We have all Z; = 0 but we still need
to solve for all the ¥;. Instead of trying to solve the constraint equations
we can simply use that as all 77 = 0, the equations for the §; derivatives
(4.75)-(4.78) give the full Jacobian for the change of variables from boost pa-
rameters to asymptotic charges. The best thing to do is to write differential
equations for the functions Q;(2M, X;) because these are remarkably easily
solved. The solution is such that

0
VA4Q2 4+ Cp = a?f’ (4.148)
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where the right hand side is understood to be given through (4.76). The
C are constants of integration. Comparing with the actual parametrization
reveals that C; = 4m, I = 1, ..., 4. The solution for the scalar charges is then
easily obtained to be

21:_%Vm2+Q2 \/m2+Q2+*\/m2+Q3_*\/m2+Q47
%\/ 24+QF - 2\/m2+Q2 2\/m2+Q3—%\/m,
23:%\/ 24+Q%+ ;\/m2—|—Q2 ;\/mQ—l—Q%—%\/m.

(4.149)
Plugging these expressions into the formula (4.107) for the F-invariant we
recover the expression given in [22]. This expression still depends on the

seed parameter m. It is determined in terms of the physical charges through
the equation

-3 sz FQ3/m2 Q3 \/m? 4 QR4 \fm2 +Qi> . (4150)

We happily acknowledge that the right hand side is greater than 1(Q; +
Qo+Qs+ Q4) and hence the requirement of solvability is M > Mpgpg. Note
that this example illustrates that it is in general not possible to express the
F-invariant in terms of radicals of the physical charges. Indeed, one may
rewrite (4.150) as a system of five polynomial equations as M = % S
and z? = m? + Q7 for the five variables m? and x;. Then one may use some
algorithm to cast this system into regular chains. The first element of the
chain can be chosen to depend only on m? and then to aquire m we need to
consider only this equation and forget about the others*. We do not present
this equation here due to its length but it is a general, fifth order polynomial
equation for m?. Then, due to the Abel-Ruffini theorem, one cannot have
an expression for m in terms of radicals of the coefficients.

4.1.11 Extremal limits and the black hole/qubit correspondence

As we have already mentioned, the auxilary charge vector Q of (4.60) sits
always inside the 16 dimensional four qubit subspace spanned by the first
line of (4.13). It makes sense then to compare the classification of single
centered STU black holes under 3d dualities to classification of four qubits,
briefly reviewed in 3.6.3. This program was carried out for extremal solu-
tions in [23].

Let us first consider the general nonextremal solutions reviewed in sec-
tion 4.1.6. We have mentioned before that the four independent four qubit
invariants which are also permutation invariants are all proportional to

*Note that not all of the roots of this equation are solutions to (4.150).
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m? + n?. Explicitly, the invariants of (3.117) read as

I = —6(m? +n?) = —%TrQQ,

Ig = —5(m*+n?)’ = — (TrQ?)?,

- , 2 49 4.151)
Iy = 1(7”2 +n?)t = @(TTQQ)ZL,

3 3
12 = ﬁ(m2 +n?)° = @(TTQ2)6

We see something very interesting. Though this state is in the generic
semisimple orbit Gup.q, there is only a single four qubit SLOCC class that it
intersects. Indeed, recall from section 3.6, that two semisimple states |1);)
and |¢o) are in the same G'L(2)** class if there is a nonzero number \ such
that I,,(|¢1)) = API,(|¢2)) for the invariants [31]. In this case this nonzero
number is just \/TrQ?. We can write the canonical form of this state in a
very convenient way.

vV'm? + n2(|0000) — [0011) + [0101) — |0110)
001) + [1010) — [1100) + [1111)),

Qrrn) = (4.152)

= e

which is just the canonical form of the semisimple family G 4.q of table 3.6
with parameters a = b = 0Oand d = ¢ = {vm? +n? = £\/TrQ% One
can easily check that this choice reproduces (4.151) which, according to the
discussions in 3.6.3, ensures that the two states are on the same SL(2,C)*4
orbit® b. It is in fact not unexpected that not all charge vectors correspond
to single centered black hole solutions, we will comment more on this soon.
However, it is a very interesting question what kind of other stationary
solutions of the STU model we have for charge vectors which are not on
this particular semisimple orbit. A strongly related question is the follow-
ing. The 3d coset model in maximal N = 8 supergravity is Egs)/SO*(16)
so that the charge vector in this case can be regarded as an even or odd
fermionic state with eight single particle modes (see sec. 3.6), with SO*(16)
being a real form of the extended SLOCC group of this system, replacing
the SL(2,R)** of four qubits. We have seen in sec. 3.6 that the semisim-
ple orbits are parametrized by eight numbers instead of four and that the
mapping between qubit classes and fermion classes is only injective but not
every fermionic class can be represented as four qubits. This suggests that
there could be some nonextremal stationary solutions in V' = 8 supergrav-
ity which are invisible from the A = 2 point of view.

Now let us move on to discuss the extremal limits. A black hole is called
extremal if it has vanishing Hawking temperature. This condition is equiv-
alent with the requirement that the outer and inner horizons are at the same
location, thus forming an infinite throat for the black hole. The inner and

°Of course, this is only true if Qxrn doesn’t have a nilpotent part. It can be easily
checked that this is the case.

®Notice that we can elliminate the complex coefficients by acting with( é i)z ) on
any one of the four qubits.
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outer horizons are located at[22]
re =m+vVm?+n?—a? (4.153)

where m, n and a are parameters of the seed solution. Their difference is
given by

1 2
ry—r_=2vym2+n?—a?= 2\/"1"1‘622 (1 - ;), (4.154)

We see that there are two ways to get an extremal solution: we either set
J? = F or TrQ? = 0. The first case corresponds to fast rotating extremal
solutions which are important e.g. in Kerr/CFT [86]. We will not discuss
these solutions here, the interested reader should consult [22]. We just note
that their entropy (4.80) is clearly given by

S =21v/A + J2. (4.155)

The latter case corresponds to nilpotent charge vectors. Indeed, it is clear
from (4.151) that all the invariants vanish and hence the four qubit state
corresponding to Q) is nilpotent, therefore, it is in one of the eight” nilpotent
classes of table 3.6. The identifiaction of these classes with explicit extremal
supergravity solutions was done in [23], see table II of that reference. Here
it is claimed that the nilpotent orbits L,,—o, Lo, o3 and Lo, o1 of table 3.6 can-
not be obtained as a limit of the general nonextremal black hole. It was later
revealed in [87] that these three orbits in fact correspond to extremal mul-
ticenter solutions, see also [88]. This shows that some charge vectors cor-
responding to stationary solitions may not describe single centered black
holes. Along these lines, it would be interesting to learn more about what
nonextremal configurations the charge vectors in different semisimple or-
bits than the one defined by (4.151) may correspond to. The remaining five
nilpotent orbits corresponding to single centered black holes are summa-
rized in table 4.1.

Lape, doubly-critical %BPS
Ly, critical BPS and non-BPS
Lay0,4; lightlike %BPS and non-BPS

Ly, large non-BPS

Lo, q0,,; large %BPS and small non-BPS

TABLE 4.1: Nilpotent orbits corresponding to single cen-

tered extremal black holes. For representative states, take

the corresponding representative of table 3.6 and set all the
parameters to zero.

Let us examine closer the entropy of extremal black holes with nilpotent
charge vectors. The inner and outer horizon entropies are [22]8

Sy =2r(VA+ F £ VF — J?), (4.156)

"There are eight nilpotent classes under the action of S x SL;* which split into 16 classes
when only the action of SL3* is considered.
SThese are just 52 .
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hence naively, in the an extremal limit we must have S| = S_, i.e.

VF - J2 =0, (4.157)

sothat F = J? or F' = J = 0. We have already met the first case. The second
case corresponds to static large 5 BPS black holes for which Qc Loy 050
For these black holes

S = 2mVA, (4.158)

thus they are only possible with charges satisfying A > 0. We may ask what
about extremal black holes where the charges give A < 0? The answer is
that we may only conclude S = S_ at extremality when r = r_ # 0. We
may instead formally take a limit where we first set m = 0 and then take
a nilpotent limit of Q [78]. This way, in the end we have r; = r_ = 0 but
during the limiting procedure r; = —r_ which implies” S = —S_, i.e.

F=-A. (4.159)

These are the so called slow rotating non-BPS black holes with entropy

S =2m\/—A — J2, (4.160)

For this branch, we clearly need to have A < 0 and J? < |A|. These solu-
tions comprise the nilpotent orbit L,;,. The remaining three orbits of table
4.1 correspond to small black holes, which by definition means that they
have vanishing horizon area.

4.1.12 BPS attractors and the black hole/qubit correspondence

Notice that the extremal entropy formulae (4.155), (4.158) and (4.160) de-
pend only on A and J, both of which are invariant under 4d duality. The
dependence on the scalar hair can be taken into account via a duality trans-
formation as we have described in e.q. (4.65). But all scalar charge depen-
dence have explicitly dropped out from all the extremal entropies and the
quartic invariant A of the charges is clearly invairant under the action of
J1 ® Jo ® J3. We can conclude that the entropy of extremal black holes is
independent of the asymptotic values of the moduli. Behind this phenomenon
is the attractor mechanism of extremal black holes[89, 90] which ensures that
the moduli stabilize on the horizon to values depending only on the dyonic
charges and not on their values at infinity[91, 92]For static extremal black
holes, the entropy can be universally written as S = 27+/|A|. Using equa-
tion (4.102) and the definition (1.23) of the three tangle measuring tripartite
entanglement for three qubits, the static extremal entropy reads as

S = g IHDet(1);)| = %/TBC. (4.161)

Notice that the entropy formula (4.156) has a Cardy form /N7, ++/Nz. We see that there
are two qualitatively district extremal limits: setting the right moving sector to its vaccum
Nr = 0 gives the $BPS and the overspining extremal limits while when the left movers are
in the vacuum N = 0 we end up with the non-BPS extremal branch.
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This is the original observation [14] which led to the study of the relation-
ship between simple entangled systems and stringy black holes. The attrac-
tor mechanism was later related to an entanglement distillation procedure
in this language[93, 94].

Let us elaborate on this a little more. To describe the attractor equa-
tions of the STU model, which give the values of the scalar moduli T,
i = 1,2, 3 on the horizon, it is convenient to think about the STU model (4.1)
as the bosonic sector of type IIB supergravity compactified on the Calabi-
Yau threefold 7% x T2 x T. Calabi-Yau three-folds naturaly arise in super-
tring theory as the six dimensional manifolds preserving upon compactifi-
cation 1/4 of the 32 supercharges of the ten dimensional parent theory. We
will have a little more to say about Calabi-Yau manifolds in the next section,
for now, it is enough for us that they are complex (Kdhler) manifolds with
a nowhere vanishing holomorphic 3-form 2. For the case of our interest,
T? x T? x T?, this 3-form can be explicitly written as

Q= ef2d2" Ad2? A d2P, (4.162)

where 2 = u’+7%" are the holomorphic coordinates'® of the tori, i = 1,2, 3.
The numbers 7! parametrize the space of complex structure deformations
of T? x T? x T? which is H? i.e. the space of twice holomorphic, once
antiholomorhic harmonic 3-forms. This space is Kdhler with potential

K(r,7) = —log 7,/ QOANQ | = —log(8y1123), (4.163)
T2xT2xT?

where y; = Im7’. Upon compactification of IIB supergravity to 7 x T2 x T
the complex structure moduli 7 become 4d fields which are identified with
the fields (4.2) of the STU model. Now we are in position to write down the
BPS attractor equations:

2Im (Z(1)Q) |norizon =T, (4.164)

where I is a moduli independent closed 3-form encoding the dyonic charges!!
of the black hole, Q; and P’. The function

Z2(T) = / TAQ, (4.165)
T2xT2xT?

boils down to the N' = 2 central charge when evaluated at asymptotic in-
finity. However, we need to plug its value at the horizon into (4.164) which
is different. It satisfies

S
‘Z(P)mhorizon = 872U|horizon = P 2VA. (4.166)
Notice that (4.164) can be explicitly written as

[ = —i(Z(D)e"/2dzt Ad2® Ad2® — Z(D)eR/2dzt AdZ2 A dZ®),  (4.167)

!The antiholomorphic coordinates are obviously z* = u’+7'v" and the complex structure
J is defined implicitly via J(dz*) = idz* and J(dz") = —idz’

"'The 3-form I corresponds to the Poincaré dual of the 3-cycle that a bunch of D3 brane
wraps. Indeed, extremal BPS STU black holes may be interpreted as supersymmetric bound
states of D3 branes in the IIB duality frame [95].
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which looks like a 3-qubit GHZ state provided we identify
000) = eX/2d2t Ad2? Ad2®, [111) = ef/2dzt AdZ2 A dZE. (4.168)

There is a precise sense in which this identification is true: the space of har-
monic 3-forms on 72 x T2 x T? is 8 dimensional and has a natural Hermitian
inner product under which the above vectors are orthonormal, see [15] for
further details on this.

The attractor equation (4.164) may be solved in the following way. We
have a dual 3-form I" defined as the derivative of | Z(I')|? via

1Z(T 4 ey)|* = |Z(F)2+6/f‘/\’y+0(62). (4.169)
Clearly, R
[' = —2Re(Z(I)Q), (4.170)
so that A
2Z(T) = —T + il (4.171)

This form will be very useful in the next section where we explain the rela-
tion to Hitchin functionals. For now, it is enough to see that it indeed fixes
the moduli in terms of the charges. Indeed, picking a basis of 3-cocycles 6 4,
A=1,..,8in H3(T?xT?x T?) with intersection matrix I4p = [ 04N\ we
may expand Q = X404 and I' = T404. Then, the projective!? coordinates
on the complex structure moduli space can be extracted as

XA 2P0 VA it

- . 4172
X0 270B@rp\/A + IO (172)

With an appropriate choice of #4 we can have ¢"*! = 7% for i = 1,2,3 and
4 =(Qr, P7).

4.2 Hitchin’s functionals and measures of entanglement

In this section we briefly discuss Hitchin functionals, which define form
theories on certain manifolds. As we will see, they have a rich and fruitful
connection to physics as they are related to topological strings, BPS black
holes[96] and fermionic entanglement theory[P.1]. In fact, much of the work
in chapter 3 was done via borrowing some formalism from Hitchin’s origi-
nal papers[97, 98]. Also, the introduction of the extended SLOCC group of
chapter 2 was largely inspired by the existence of generlized Hitchin func-
tionals[99]. Despite of this, we will take a reversed route in this section and
rely heavily on notions introduced in chapters 2 and 3 and introduce these
functionals via the discussed fermionic entanglement measures.

At the very heart of the possibility of defining Hitchin’s functionals is
the already familiar concept of prehomogeneous vector spaces. Here, the
pair (G, V') which needs to be prehomogeneous is the local diffeomorphism
group!® G = GL(d,R) and the space of g-forms V = A9T,X* at a point p
of the manifold X. Indeed, when this space is prehomogeneous, there is a

2The change in the overal normalization of  is not a complex structure deformation.
30r generalized local diffeomorphism group, see later.
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single scalar function that we can associate to our g-form which is a natural
candidate to define an action functional. The fact that g-forms for which this
invariant is nonzero lie in a dense, open orbit ensures that the variational
problem is well-posed. This property of g-forms is called stability in the
corresponding literature.

Another unifying theme of the manifolds with Hitchin functionals is
the notion of special holonomy, which has its roots in the requirement that
the manifold is capable of preserving supersymmetries. Special holonomy
means that the holonomy group of the oriented Riemannian manifold X is
restricted

Hol(X) € SO(ad). (4.173)

This requirement can be characterised via p-forms which are invariant un-
der Hol(X'). For manifolds which admit a covariantly constant spinor V& =
0 this is automatically satisfied by the p-forms

(i, ©)e™ A A e, (4.174)

where ¢’ are the veilbein. This turns out to be nontrivial for a very restricted
set of cases. For example, in the case of Calabi-Yau three-folds, the invari-
ant p-form is just the holomorphic 3-form 2 and the holonomy group is
SU(3) € SO(6).

4.2.1 Six dimensions
Three forms

Let us consider the three fermion states with six single particle modes of
section 3.4.2. These are elements of the vector space A3C®. Now consider
a six dimensional orientable manifold X and its cotangent space 7, X™ at
a point p which is a six dimensional real vector space. We may consider
differential 3-forms

1
0= ggabcdxa Adz? Adzt e /\3TpX*. (4.175)

We may loosely think about these as three fermion states (3.32) with real and
position dependent amplitudes. The local diffeomorphism group GL(6,R) C
GL(6,C) acts on the amplitudes of g as a real SLOCC transformation, see
(2.42,4.83). Recall, that the quartic invariant of (3.34), measuring the tripar-
tite entanglement, transforms under this action as

D(p) — (det G)*D(0), G € GL(6,C), (4.176)

and hence /D(p) transforms under diffeomorphisms the same way as a
volume form. This can be made more precise by considering the 3-form o
corresponding to the dual three fermion state of e.q. (3.30). We clearly have

1
5@ Ao=+/—D(o)dz! A ... Adab, (4.177)
which can be integrated over X to define the Hitchin functional

1

V(o) = 5 /X oN o (4.178)
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Now under the action of GL(6,R) the stable GHZ class of table 3.2 splits
into two classes, one with D(p) > 0 and one with D(p) < 0. Recall, that
for static extremal STU black holes, the former corresponds to non-BPS and
the latter to BPS charge configurations, see section 4.1.11. This is the reason
why we have inserted an extra minus sign under the square root in (4.177):
we want ¢ to be in the cohomology class of a BPS wrapping configuration.
Indeed, as we shall see, there is a sense in which we can think about X as
the extra dimensions of our type IIB compactification over the horizon of a
BPS black hole and a critical point ¢ of (4.178) as a closed 3-form encoding
the warping configuration of the corresponding D3 branes. Now we quote
one of the central results of [97].

Theorem: Let X be an oriented closed six dimensional manifold and
0 a closed (dg = 0) real 3-form. Then the following two statements are
equivalent.

e D(p) < 0 at every point of X and g is a critical point of the functional
(4.178) in a fixed [p] cohomology class.

e The almost complex structure J, = \/f(igi(g), J? = —I isintegrable and
1 = p + ip is a nowhere vanishing holomorphic (with respect to J,)
3-form, hence X is a Calabi-Yau manifold.

For the definition of the 6 x 6 matrix K,, we again refer to section 3.4.2.
We omit the full proof which can be found in [97]. The basic ingedients are
the following. Since V(o) is homogeneous of degree 2 in p (see (4.177)), its
derivative satisfies'*

Virlo) = 5 [ 22 o, (4179)

so that by (4.178) we have ngg(g) = 0. Now varying (4.178) as o — ¢ + da
and using the previous equation along with the fact that X is closed leads
to the Euler-Lagrange equation

do =0, (4.180)

which is equivalent with d§2 = 0. Equation (3.38) and the discussion around
it shows that Q2 is a (3, 0) form with respect to J,. Then 9 = d{2 = 0 shows
that it is indeed holomorphic, while the condition D(p) < 0 ensures that it
is nowhere vanishing.

Note that while it is in general a very hard task to explicitly extract
the Calabi-Yau metric of X, the existence of the nowhere vanishing holo-
morphic three-form ) guarantees that a unique such metric exists due to
Yau’s theorem [100, 101]. This way we see that critical points of (4.178)
associate Calabi-Yau metrics to cohomology classes [g] € H3(X). This is
the natural generalization of what the attractor mechanism does: there,
we have fixed X to be Calabi-Yau but we let the metric vary in the mod-
uli space of all Calabi-Yau metrics on X. The moduli is then fixed by the
eight charges of the black hole which encode the cohomology class of T,
dual to the 3-cycles that the D3 branes wrap. We can in fact see explic-
itly that the formula Q@ = p + ip gives the solution to the attractor equa-
tions: it is just the same as equation (4.171)! There, T is the derivative of

4To derive this, write Vir (Ag) = A2V (o), take the A derivative and set A = 1.
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1 Z(D)[?[horizon = 2VA = 2/=D(T) so that we really have ¢ = I’ provided
that o = I'. Note that an overall rescaling of 2 in (4.171) by the coordinate
independent factor —i2Z(I") does not change the complex structure of X.
Actually, deriving the attractor equation (4.164) from a variational problem
is an old idea: they can be obtained via the extremalisation of the black hole
potential [102]

Vi = / T AT, (4.181)
T2xT2xT?

with respect to the moduli 7. Here x denotes the Hodge dualization of the
tori T2 x T2 x T2 with moduli 7¢. At attractor values one has ' = I' and
Ver agrees with twice the Hitchin functional (4.178). As at the attractor
point we also have Vpy = 2|Z (D)2 horizon = 4VA, we see that the critical
value of the Hitchi functional gives the BPS black hole entropy

S =21VA = 7V (pe). (4.182)

Four forms

There is an analoguos functional in six dimensions for closed 4-forms o [96].
The stability condition in this case is that the single invariant
1

ajazaszasasag b1babsbybsb
(U) = 384UalagblbgUa3a4b3b40a5a6b5b6€ e 6a (4183)

is nowhere vanishing. The square root of this invariant transforms as a
volume form. In fact, the stability condition can be recast as the requirement
that there is a 2-form k such that ¢ = 3k A k and then we have

1
GhnkNk = VC(o)dzt A ... A dab. (4.184)
The corresponding Hitchin functional is
1
Vs(o) = / ENkNEK, (4.185)
6 Jx

which is just the symplectic volume of X when k is considered as a candi-
date symplectic 2-form. Upon fixing the cohomology class [¢] € H*(X),
variation of Vg gives the equation of motion

dk = 0, (4.186)

thus k indeed defines a good symplectic structure. There is a story about
relating critical points of this functional to BPS black holes, similar to the
one described in the previous section. However, the black holes in ques-
tion are now the BPS black holes of the uplift of the STU model to five
dimensions[103]. These can be regarded as solutions of 11 dimensional
supergravity compactified on the six dimensional manifold in question.
The BPS black holes are interpreted as supersymmetric bound states of M2
branes and thus the wraping configuration is encoded by 2-cycles which
are Poincaré dual to 4-cocycles. The claim is that these 4-cocycles are criti-
cal points of Vs (o), which turns out to be proportional to the entropy of the
black hole[96].
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Now as both Vg and Vg are defined for six dimensional manifolds, a
natural question is that when they are compatible in the sense that £ can be
regarded as a Kdhler form of the Calabi-Yau corresponding to 2. There are
two neccessary conditions which are immediate. First we must have

kAo=0, (4.187)

which just states that k is of type (1,1) under the complex structure!'® J,.
Second, the volumes of X must agree when determined by using either k
or 2 which leads to the constraint

2Vs(o) = V(o). (4.188)

Taking a look at the Sato-Kimura classification [16] reveals that the stabilizer
of a stable 3-form p is SL(3,C) x SL(3,C) C GL(6,R), which via Q reduces
the structure group to a single SL(3,C). On the other hand, the stabilizer
of the 2-form k is obviously Sp(6,R) C GL(6,R). Given that k Ao = 0
these two stable forms define an SU(3) structure which is the intersection
of their stabilizer groups. Now recall that the Kdhler form is related to the
Hermitian metric h via

k(u,v) = h(u, Jv), (4.189)

so given that we know compatible critical points k = $kg,dz® A dz® and o
we can reconstruct the Calabi-Yau metric as
1
hap = kac(J,)¢, = ———==kac(Kp);. 4.190
b ( g) b D (Q) ( g) b ( )

The next section describes another way of describing such pairs.

4.2.2 Seven dimensions

Now let us move on to describe the Hitchin functional corresponding to the
Jr invariant of (3.82) for three fermions with seven single particle states. As
in the previous section, we now regard the three fermion states of (3.81) as
closed differential 3-forms on a seven dimensional closed manifold M:

P = %@abcdx“ Adzb Adz® € A3ST,M* (4.191)
The 35 coefficients @, are analoguos to P, in (3.81) but can depend on
the coordinates z',...,z7. An element of the dense orbit has J7 # 0 and
is called stable. Its stabilizer can be read off from [16] to be the exeptional
group G2 C GL(7,R). This can also be seen from the discussion we had
about the canonical form (3.88): this state encodes the multiplication table
of the octonions which is well known to be stabilized by G2. Therefore, the
symmetric 7 x 7 matrix N of (3.80) is a natural candidate to be a metric of

5One can actually derive from this that £ A ¢ = 0 also holds (see e.g. the appendix of
[P.3]), so that this constraint is indeed equivalent with k AQ =k A Q = 0.
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G9 holonomy'® on M. Let us define a rescaled version of this matrix

1 1 sisisic
(Ba)ab = —6(/\/@)@ = € aiyi Phigia Pisisir (4.192)
to be in accordance with the literature on Hitchin’s functionals. Now re-
call that Ny and thus Bg picks up a determinant factor under the action
of GL(7,R), which we need to cancel by a suitable power of the relative
invariant J7 in order to obtain a quantity transforming as a metric:

1

(90)ab = (Ba)ab- (4.193)

Clearly, our invariant functional will be the volume of M determined by gs:

Vi (®) = /M Vdet god"z = /N [(j7)%d7x. (4.194)

There is a Hodge operator g associated to the metric go. One may check
that the functional can equivalently be written as

Vi (®) = /M<I> A %o ®, (4.195)

so that by the usual homogenity argument, its derivative is just £ x¢ ®. Crit-
ical points in a fixed cohomology class [®] € H3(M) are found by varying
® — ® + dB and setting the variation to zero, thus the equation for the
critical points is

dxe ® = 0. (4.196)

Another result of [97] is the following.

Theorem: Let M be an oriented closed seven dimensional manifold and
® a closed (d® = 0) real 3-form. Then the following two statements are
equivalent.

e The matrix Bg is nondegenerate and positive definite at every point
of M and @ is a critical point of the functional (4.195) in a fixed [®]
cohomology class.

L Bs is a metric with G2 holonomy on M.

[ ] g
g 73

We can obviously have an equivalent treatment of this geometry in terms
of a four-form.

Now let us briefly discuss a construction relating the functional V7 to the
previously discussed functionals Vg and Vs in six dimension. This gives a

®As M is a real manifold, we need to choose a real form of GS which corresponds to
fixing the signature of this candidate metric. This is the same redundancy as in the six
dimensional case: under GL(7,R), the stable orbit splits into two, one with 7z > 0 and one
with J7 < 0. The choice relevant in string theory is the one where the metric has signature
(+++++++). This corresponds to the compact real form of G as the stabilizer subgroup.
The other possible choice is the noncompact real form of G5 which is the automorphism
group of the split octonions. It corresponds to a metric with signature (+ + + — — — —).
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method of obtaining G2 manifolds from manifolds with weak SU(3) holon-
omy'”. To this end, suppose that the seven dimensional manifold is locally
a direct product of a six dimensional manifold X with an interval (a,b) of
R,ie. M = X x (a,b). Now write the 3-form ® in a decomposed way

® = o(t) + k(t) Adt, (4.197)

where ¢ is a coordinate on the interval (a,b). Now suppose that the com-
patibility conditions (4.187) and (4.188) are satisfied for the stable forms o
and k for all ¢ in the interval. As before, we assume p and o = %k: A k to be
closed as six dimensional forms. In this case we have

*p®P =0+ o Adt, (4.198)
so that the equations of motion are easily written in the form

d® = 0 — 9,p = dek,

A (4.199)
dxep ® =0 — 0,0 = —dgp.

Here, d¢ denotes the exterior derivative on X only, d = d¢ + dt A ;. These
two equations can be interpreted as Hamiltonian flow equations. The phase
space is the space of variations of pand o, i.e. (A3T)X*)exact X (/\4TpX *)exact-
Writing 00 = da and §o = d3 the symplectic form is given by

(00,60) = / aNdp. (4.200)
X
The Hamiltonian is just
H = 2Vs(0) — Vi (o), (4.201)

which vanishes onshell due to (4.188). Now insert the ansatz o(t) = f(t)oo
and k(t) = A0, f(t)ko to (4.199). The resulting equations are

00 = Adsko,
9 (4.202)
oo = — 5 Adgpo,
3
provided that f(t) is a solution to
3
O F DN F(1) = 11 F(8). (4.203)
General solutions to this equation can be given in terms of inverse hy-
pergeometric functions, but a particularly simple solution is f(t) = 5t°.

Equations (4.202) guarantee that the metric (ko)ac-/g,, on X has weak SU(3)
holonomy. In fact, they are the Euler-Lagrange equations giving the critical
points of the functional 3V (o) + 8Vs (o) subject to the constraint (dp, o) =

7 A weak holonomy manifold is defined to be a Riemannian manifold with a Killing
spinor & satisfying V x 1 = AX1) for all vector fields X, where A € C is the Killing constant.
By X1 we mean the action of X on the spinor v as an element of the Clifford algebra
generated from the vector space T}, M via the Riemannian metric at p, see (2.2). The subcase
A = 0 corresponds to special holonomy manifolds.
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const. These constrained critical points indeed define weak SU(3) holon-
omy metrics, see [98] for further details.

Note that the By matrix of the decomposed form ® = ¢ + k A dt can be
written in the simple block matrix form [P.3]

1 skK,| 0

provided that the compatibility condition k£ A ¢ = 0 holds. The Pfaffian of
the 6 x 6 matrix k,, was defined in (3.31). Clearly, the invariant J7 also
factorizes in this case:

s in(k:)D(g). (4.205)

The compatibility condition (4.188) requires Pf(k) = 11/—D(o), from which

7 = (Do)t (4.206)

4.2.3 Generalized geometry

The fundamental concept underlying the construction of Hitchin is stability,
which is the requirement that the structure group locally acts on a differen-
tial form in a prehomogeneous way. We have more or less exhausted!® the
examples of prehomogeneous vector spaces (G, V') where the group G can
correspond to the general linear group of the tangent space of a point. But
what about other prehomogeneous vector spaces? It turns out that the cases
when (G, V) is the spin group acting on polyforms (or in the terminology of
chapter 2, the extended SLOCC group acting on the fermionic Fock space)
emerge naturally in the field of generalized geometry [99, 104, 105, 106].

The basic idea of generalized geometry is to replace the tangent bundle
T, X of amanifold X with the generalized tangent bundle £ which is locally
the direct sum 7, X @ (7, X)*. For sections of this bundle, we locally have
X = X + &, where X is a vector field and ¢ is a 1-form. To glue together
this bundle between coordinate patches U, and Ug, we can introduce in
addition to the usual Jacobian matrices a(,4) a closed 2-form w(,g:

—1 \T
Z(a) 1 &(@) = Aap)T(p) T (a(a5)> §(8) — Lagam e Wap) | (4.207)

satisfying w(ag) +w(sy) + Wa) = 0 on triple intersections U, N Uz N U,. The
interior product ¢ is the same as the action of annihilation operators on the
exterior algebra, see footnote 3. In fact, joining 7}, X and 7, X* is moraly the
same as joining fermionic creation and annihilation operators as discussed
in chapter 2 in great detail. In particular, the symmetric bilinear product
introduced in (2.2) becomes a metric on F

(X +6Y +n) = S(1(X) +E(V)) (4.208)

81 fact there are a couple of other examples where Hitchin functionals can be defined,
e.g. for three forms in eight dimension for which we have discussed the invariant in sec.
3.6.2. See [98] for details on the geometric construction.
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which has real signature (d, d). This introduces an O(d, d) structure on E.
The differentiable structure of E is encoded in the Courant bracket as a re-
placement of the standard Lie bracket [X, Y] of vector fields X and Y:

1
[X + g,Y + 77] = [Xa Y]Lie + »CXT/ - EY& - id(n(X) - g(Y)))
XY €TX, &ne X",

(4.209)

where Lx is the Lie-derivative with respect to X. This bracket is invariant
under the off-diagonal action

X+&m X+ (¢ —1xB), BeNTX", (4.210)

when dB = 0. This is indeed realized inside O(d,d) and is the same B-
transformation as the one appearing in (2.48). In the fermionic picture this
is just a special Bogoliubov transformation. The Courant bracket is the an-
tisymmetrization of the generalized Lie-derivative

LyX = [V, X]pie + (Lv§ — 1xd(), (4.211)

where X = X +¢ and V = V +(. This action defines infinitesimally the gen-
eralized diffeomorphisms. There are various structures that can be defined
on E such as a generalized complex structure, which is a linear automorphism
of E which squares to —1, or a generalized metric which one may understand
as reduction of the structure group to O(d) x O(d) C O(d, d), see [105, 106].
This latter can always be written as

g—Bg'B|Bg! )
H = - ~ , 4.212
< —q 1B ‘ g 1 ( )

where g is a Riemaninan metric on 7, X, or equivalently, a nondegenerate
map 17,X — T,X*, while B is a 2-form gauge field. Under the general-
ized Lie-derivative (4.211) the fields ¢ and B transforms as g — ¢ + Ly g
and B — B + Ly B — d¢, and hence generalized diffeomorphisms contain
the gauge transformations of B. In fact, the generalized metric on F is a
natural way of encoding closed string backgrounds in a way that makes
T-duality manifest' [106]. In this picture, B is just the Neveu-Schwartz 2-
form B-field. There are far reaching applications of generalized geometry
in supergravity, such us double field theory [107, 108].

A generalized almost complex structure is defined to be an endomor-
phism J of E which satisfies 72 = —1 and it is orthogonal, i.e. (7X,JY) =
(X,Y). If it satisfies an additional Courant integrability condition [99, 105],
which is a certain compatibility condition with the bracket (4.209), then we
say that its a generalized complex structure, and an (even dimensional)
manifold equipped with such a structure is a generalized complex mani-
fold. In a similar way as a generalized metric unifies two different objects,

“In this picture, T-dualities are just the intertwiners between the even and odd particle
Fock spaces, discussed in section 2.4.4. In particular, any non-isotropic element of £ defines
a T-duality via (2.87). We may think of a general element of E as being a B-transformed
version of a section locally of the form Xy = 9, + dt for some local coordinate ¢. Then T-
dualization happens along the coordinate ¢. The generalized metric (or complex structure)
transforms as H ~ (X, X)VxTHVx as described in (2.89).
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the metric and a 2-form field, the generalized complex structure unifies or-
dinary complex structures and symplectic structures: a J with no mixing
among 7, X and 7, X* defines an almost complex structure while a 7 which
takes every element of 7, X to 7,X* and vice-versa, defines a symplectic
structure. The Courant integrability condition can also shown [105] to in-
terpolate between the integrability of a complex structure and a symplectic
structure.

4.24 Generalized Hitchin functionals

With this short, and far from complete introduction to the idea of general-
ized geometry, now we are in position to briefly discuss the Hitchin func-
tionals which are defined by the invariants (3.22), (3.27) and (3.72) which, in
the fermionic context, were candidate entanglement measures for fermions
with six and seven modes respectively.

Let us start with the quartic invariants (3.22), (3.27) defined in six di-
mensions. Let again X be a compact oriented six dimensional manifold.
We take the differential polyforms ¢ € A®*"T), X* and ¢ € A°44T, M* which
can be expanded in an analoguos way as in equations (3.19) and (3.24). We
can define the functionals

VER () = /X Ve (@)d0r,
V() = /X V= toaa@)dz.

Note that these functionals are T-dual to each other: for any X € E with
(X,X)=1wehave

(4.213)

VSR (8) = Vi (X9), (4.214)

where X'¢ denotes the same Clifford action as in (2.86) and is now inter-
preted as the T-dual of ¢ along X'

Itis clear that the matrices K (¢)! ; and K (¢)” ; of (3.20) with either (3.21)
or (3.25) inserted can be used to define generalized almost complex struc-

tures:
1

Tl = ————K (),

) _Qelven(¢> ) (4‘215)
A — :

YT ~Goaa(®) W)

These satisfy the Courant integrability conditions, when the stable forms ¢
and v are critical points of the functionals VS%" (¢) and VS5 (¢) in a fixed
cohomology class respectively, in a very similar way as critical points of
Vi give complex and critical points of Vg give symplectic manifolds. In
addition to this, due to (3.28), the polyforms

b=0+id, b=0¢—id
v=ytiv, ¥=y-i),
are complex pure spinors which are the analogues of the holomorphic 3-form
2. This motivates the notion of generalized Calabi-Yau manifolds [99, 105].

These are generalized complex manifolds X for which there is a closed
complex poly-form ¢ € A®*"/°4T X* @ C such that it is a pure spinor

(4.216)



118 Chapter 4. Stringy black holes and entanglement

and (¢, p) = 0 for the Mukai pairing. Here, conjugation is with respect
to the generalized complex structure. Note that Calabi-Yau and symplectic
manifolds are both generalized Calabi-Yau manifolds, but there are more
exotic examples as well, see for example [105].

Now that we see that the invariants (3.22) and (3.27) of the prehomo-
geneous vector spaces (C* x Sping(12,C), A"/ 244C0) define action func-
tionals which give meaningful geometrical structures in the context of gen-
eralized geometry, we move on to briefly mention their possible physical
significance. The fact that these functionals are T-dual to each other hints
that they have some connection to string theory. This is indeed the case, it
turns out that they are related to topological strings.

4.2.5 Topological strings

Let us give a lightning introduction into the idea of topological strings. For
an excellent introduction, we refer the reader to [109]. In string theory one
considers maps ¢ from a two-dimensional world-sheet ¥ into a target space
X. One weights these maps by the Polyakov action and integrates over all
the maps and all the metrics on the world-sheets ¥ of different genera to
obtain the perturbative series for string scattering amplitudes or the string
partition function. This two dimensional gravity theory contains a large
amount of gauge symmetries, so in the end the integral over metrics on X
boils down to a finite dimensional integral for the complex structure mod-
uli of the Riemann surface ¥. Along the way, to ensure that our gauge
symmetries are not anomalous, we are enforced to choose our world sheet
theory (including ghosts coming from the Faddeev-Popov method in ad-
dition to the maps ® and their superpartners) to be a superconformal field
theory?® with vanishing central charge ¢ = 0. Now taking the Polyakov
action seriously tells us that we need to choose the target space dimension
to be 10. However, there is another way to change the central charge of a
superconformal algebra: it is called twisting. The world sheet theory has a
so called N = (2,2) superconformal symmetry which is generated by the
left moving world sheet currents

J,GT,G™, T, (4.217)

and their right moving counterparts which are denoted the same way with
an additional bar on top. Here, T is the stress energy tensor, G* are super-
translations and J is the U(1) current generating left moving R-symmetry.
The zero modes of these currents are analogous to the degree, 9, 9" and
A operators on target space differential forms. The zero mode part of the
affine algebra of the modes of the currents corresponds to the algebra of
these differential operators, extended by the central charge c. Now the re-
defined stress tensor

T =T+ %&], (4.218)

20f course, the Polyakov action does not give automatically a conformal field theory for
any target space. The "good" target spaces are precisely the solutions of the corresponding
classical supergravity.
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has no central extension in its operator product expansion with itself. With
a similar redefinition in the right moving sector, we can eliminate the con-
formal anomaly by coupling the world sheet metric to (7", 7") instead of
(T, T). This procedure is called twisting. The two different ways of twist-
ings correspond to the so called A and B models of topological strings:
when we twist 7' and T with the same sign we obtain the A and A mod-
els while when we twist them with a different sign we obtain the B and B
models?!. Note that under 7", the conformal weights of the states change,
but this is not the reason why the obtained world sheet theories are differ-
ent from the ones we have started with. The source of the difference is that
the theory becomes a topological field theory??, moreover a very special kind
of it, a cohomological field theory. This means that to obtain physical states we
need to form the cohomology of a nilpotent operator ). For cohomologi-
cal field theories, the stress tensor is () exact which implies that correlation
functions of physical operators are independent of any continuous changes
of the metric. The nilpotent operator () in question is some combination of
the zero modes of the currents GT. The twisting also changes the spin of
the corresponding current from 2 to 1. This makes the analogy with target
space differential operators even tighter. Forming the cohomology of these
operators is then analogous to passing from the de Rahm complex to its co-
homology. This analogy turns out to be sharp: the physical observables of
the A model are elements of H1:)) (X), which are in fact in one-to-one corre-
spondence with the moduli space of the Kahler structure of the target space
X. The observables of the B model on the other hand are deformations of
the complex structure of the target space manifold X. They are represented
with O;, i =1, ..., ho; = dim H(271)(X) marginal operators.

Let us focus on the B-model. To obtain a topological string partition
function, one must integrate some expectation value of the topological field
theory over the world sheet metrics. This integral turns out to reduce to an
integral over the moduli space M, of the genus g Riemann surfaces 3. The
tangent space of this space is spanned by Beltrami differentials pi; = (p;)2dzZ®
0.,1 = 3g — 3, (0,1)-forms taking values in the holomorphic tangent bundle.
They correspond to infinitesimal deformations of the complex structure of
¥ of the form dz — dz + p;(dz). One needs to choose a measure on M,
which has the right invariance properties under changes of basis. The only
nontrivial possibility for the B model turns out to be

39—3

dmidm’ (g e (i), .
};[1 mdm/ZG (u)/ZG (i) (4.219)

where m’ are coordinates on M, corresponding to u; while G~ (1;) = G, (1;)2dzA
dz is indeed a top-form. The genus g free energy (log of the partition func-
tion) of the topological string is defined to be

h- |
M

*'Barred and undbarred models differ only by an overall complex conjugation.
ZWe roughly call a theory a topological field theory if it does not depend on continuous
changes of the background metric.

39—3

(T am'an [ 6-Gu) [ &) @220

9 43=1
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where (.) is the topological field theory expectation value?®. The full topo-
logical string free energy is defined perturbatively by the asymptotic series

F =) \97F, (4.221)
g=0

where ) is the string coupling. The topological string partition function is
Zg =el. (4.222)

Now a generating functional can be defined by deforming the action of the
2

topological theory with the marginal operator Z?le t' [, O; + c.c.. The par-
tition function now depends on a set of t* complex structure moduli in addi-
tion to the string coupling: Zp = Zp(A, t, 1", Qp). Derivatives with respect
to t* give multipoint functions of nonlocal operators. The ) stands for the
background holomorphic 3-form of the Calabi Yau target space. We note
that the dependence of Z on #' is determined by the so called holomorphic
anomaly equations [110]. The term anomaly appears because the operators
O; can be shown to be Q-exact so that one naively expects that Zp is inde-
pendent of #*. However, the moduli space measure (4.219) is not invariant
under the action of Q. Since it is a remnant of a path integral measure, the ¢*
dependence it introduces is indeed a Fujikawa-type quantum anomaly. The
anomaly equations determine the ' dependence completely, so that Zp is
effectively the function of hp; + 1 parameters. In fact, this is just half the
real dimension of the space H3(X, C) of complex harmonic 3-forms. This
vector space is a symplectic space, where the symplectic product is evalu-
ated as the integral wedge product of two 3-forms. It can be shown [111],
that the holomorphic anomaly equations are equivalent with the statement
that Zp is a wavefunction depending on half the coordinates of the classi-
cal phase space H3(X, C). This way we may think about the B-model as a
quantization of H3(X,R).

4.2.6 Topological strings, black holes and generalized Hitchin func-
tionals

There is a remarkable relation between the number of 4d BPS black hole mi-
crostates and the topological B-model, conjectured by Ooguri, Strominger
and Vafa [112]. The relation is based on two relatively well known facts.
The first is that the genus zero free energy Iy of the B model is just 7 times
the prepotential F of the Calabi-Yau target space. The second is that the
classical BPS black hole entropy (4.158) can be obtained as the Legendre
transform of the imaginary part of the same prepotential with respect to
the imaginary parts of a set of particular homogeneous coordinates on the
complex structure moduli space, called holomorphic sections. One then

ZWe note the subtlety that this definition is valid as it stands only for g > 1. One has
to be careful that physical correlators must be neutral under the U(1) R-charge. It turns
out that the topological string, similarly to the ordinary string, has something like a critical
dimension: R-neutral correlators are possible for all g only in the case of six dimensional
target spaces. Moreover, these correlators must have 3,1, or 0 additional local insertions to
the G~ insertions for g = 0,1 and g > 1 respectively. For g > 1 thus the expression for Fj, is
R-neutral but for g = 0, 1 one has to extract F, from the 3 and 1-point function respectively.
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has to substitute the attractor values of these sections into this Legendre
transformed function to obtain the black hole entropy.

Now one can remove the factor of A=2 in the genus zero part of (4.221)
by rescaling the holomorphic sections by A. This does not change the com-
plex structure moduli. Therefore, one may think about Zp as a function
of the hy1 + 1 holomorphic sections. Then it is tempting to think that the
above Legendre transform property of the BPS entropy is a saddle point ap-
proximation®* of a relation like

QP Q) = /d@e—@f@qZB(PI +i®) %, (4.223)

where Q(P!, Q) = ¢ is the microcanonical partition function for the BPS
black hole, P/ and Q;, I = 1,...,ha1 + 1 are its dyonic charges and on
the right hand side, Zp is evaluated at the attractor values of the moduli?®,
shifted by a potential ®;. Notice that on the right hand side we have the
Wigner transform of the density matrix formed from Zp regarded as a wave
function. At tree level we have Zp = ¢/ and for large charges this relation
is equivalent with the statement about the black hole entropy being a Leg-
endre transform. Beyond tree level, this relation is what is known as the
OSV conjecture [112].

We have seen in section 4.2.1 that the Hitchin functional Vi of (4.178) at
its critical point in a fixed [g] € H3(X,R) cohomology class agrees with the
BPS black hole entropy corresponding to the charges coming from [g]. Now
if we define the partition function

Zi(ld) = / DeV(etdd), (4.224)

which is a quantization of the Hitchin functional regarded as an action, we
see that the relation

Znu(lo]) = AP, Qr), (4.225)

is true in the saddle point approximation when the charges of [¢] are large.
This was originaly observed in [96] where it was proposed that Zp cal-
culates the partition function of both the B x B model and the BPS black
hole exactly. A one loop calculation was performed subsequently in [113]
by Pestun and Witten. They found that the formula does not hold at one-
loop. Instead, at one-loop the Wigner transform of the B x B partition
function agrees with the partition function defined from the generalized
Hitchin functional (4.213)

Z23d( / DBV (b+dB), (4.226)

Now we have seen that at tree level the two functionals can in fact have
the same Calabi-Yau critical points. This amounts to choosing [¢/] to be an
element of H3(X,R) so that (3.27) agrees with D(1)). However, the fluctu-
ations df can now have 1-form and 5-form parts which changes the result
beyond tree level. The fact that it is the generalized Hitchin functional that
can be related to topological strings is even more natural if we recall that

#Valid for large charges.
PWith an appropriate choice of polarization on H*(X, C).
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Veyen and V23 are T-dual to each other. Note that in [96] it was also put for-
ward that the A-model is equivalent to the theory defined by Vg of (4.185).
This was checked at the semiclassical level but no proposal was made for a
relation between a partition function defined from Vg and the A-model par-
tition function. If such a relation exists, it might be more natural to expect
it to involve the generalized Hitchin functional VSi".

As a final remark, let us briefly mention the role of the seven dimen-
sional functional (4.195) and its generalized version, which can be defined
from the invariant®® (3.72). It was put forward in [96] that a theory based on
Vz(®) could be regarded as a topological M-theory. This was supported by
several arguments, among them is the fact that this theory naturally incor-
porates and couples the two types of six dimensional Hitchin functionals,
as reviewed in section 4.2.1, and that it seems to be the unique form the-
ory in one dimension higher. This latter is not quite true, we can define
a generalized Hitchin functional in seven dimensions based on the invari-
ant (3.72). This was studied in [114] and connected to so called generalized
G2 manifolds, which are manifolds with a generalized metric reducing the
generalized structure group all the way to G2 x G C O(7,7). Inlight of the
fact that for the B-model one should use generalized Hitchin’s functionals,
one is tempted to think that the generalized G functional could be related
to topological M-theory. However, there are other interesting world sheet
theories with G target spaces such as the G topological string of [115].
The quantization of both seven dimensional Hitchin functionals was per-
formed at one loop in [116]. Here it was found that the G string result is
related to the generalized Hitchin functional at one loop, but only up to a
multiplicative factor depending on a certain invariant of the background
G5 metric.

Getting a grasp on what topological M theory is requires one to compare
the predictions of these form theories to something known. For example the
six dimensional topological string calculates quantum corrected F'-term su-
perpotentials for the dimensionally reduced physical string. One could ex-
pect a similar relation between topological M-theory and the physical one
reduced to four dimensions. This latter requirement points towards some-
thing called exceptional generalized geometry[117, 118], where the gener-
alized structure group O(d, d) is replaced by the ;4 series. This would
lead one to consider a functional of a tensor transforming in the 912 of Er 7,
replacing the differential forms we have been discussing so far. However,
this pair is not prehomogeneous, so there is no notion of stability.

®Indeed, (C* x Sping(14,C), A***"/°44CT) is the last prehomogeneous vector space
where the group is a spin group so that a functional can be defined in the context of gener-
alized geometry.
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Appendix A

Conventions on some Lie
algebras

A.1 Different ways of splitting so(4, 4) as s *®(2, 2,2, 2)

We define the group SO(4,4) as the set of 8 x 8 matrices O keeping the

bilinear form
0 I
a-(1 1), "

ie. OGOT = G. Here, I is the 4 x 4 identity matrix. The Lie algebra
s50(4,4) is spanned by matrices T satisfying TG + GTT = 0. We use the
same parametrization of these matrices as in [22]. We denote by E;; the
8 x 8 matrix with 1 in the (4, j) component and zeros everywhere else. The
Cartan generators are given by

Hy = E33+ Fyy — Fy7 — Egg, Hyi = F33 — Ey4 — E77 + Egs,

(A2)
Hy = E11 + Eop — Es5 — Egg, Hz = Fq11 — Eog — E55 + Ege,

while the roots are parametrized as

Eo = Ey7 — B33, E1 = Esr — B34, FEo= Eo;5 — E1g, FE3= Eg — Eno,
E9 = Fy5 — B3, E9? = FE3 — Eg;, EY = E35— By, E% = Eyy — Ess,
E” = Es; — B31, E” = Eys— Ess, E”’ = By — Egs, ET' = Eig — Es,

Fo= FE7y — Eg3, F1=FErs— Ey3, Fy=Es5s— Eg1, F3= Es6 — En,
FO' = B5y — By, F9 = By — Brg, F9 = Eg3 — Era, F9 = Fyy — Fgs,
FP' = Ers — Bz, F”" = FEgi— Egy, F° = By — Egs, FT' = Ep — Es.

(A3)
A.1.1 U-duality split

It is easy to see that the generators Hy, Ea, Fo, A = 0,1,2,3 form four
commuting sl, algebras:

[Hp, Ep) = 2By, [Ha, Fpl = —2F), [Ep, FAl = Hy. (A.4)

The remaining 16 generators EP I, EQr, FP I, FQrI form the fundamental
(2,2,2,2)y representation of this (sL5*); algebra under the adjoint action.



124 Appendix A. Conventions on some Lie algebras

A vector of this representation can nicely be described by the 16 ampli-
tudes ;1 of a four qubit state

1
)y =Y vimlijkl), (A5)

i7j7k7l:0

transforming as

Yijl (So)z'i/(Sl)jj/(SQ)kk/(SS)ll/lbi'j/k'l', So® S ®S2® S5 € SL(2)*4,
(A.6)
under the action of the group SL(2)** generated by the algebra (A.4). In
terms of the Lie algebra generators one writes this vector as

4 1

U = o000 EY" + Y0001 B9 + 10010 E9? — o011 ET
2 3

+ Y0100 E? — Vo101 EY” — o110 BT — thor111 B9

3 2
— 1000 F 9 4+ Y1001 FF 4+ 1010FF + 1011 F9
1
+ 1100F" + Y1100 F9% + 91110 F9* — 1111 F,

(A.7)

transforming as (A.6) under ¥ — g¥g—1.

A.1.2 Sigma model split

We can realize the split 5[2X4 ® (2,2,2,2) in a different way suited to writing
the timelike reduced STU action (4.11) as a sigma model on SO(4,4)/SL(2)*%.
We may introduce the symmetric bilinear form

n = diag(—-1,-1,1,1,-1,—-1,1,1), (A.8)

and look for the subgroup SO(2,2) x SO(2,2) = SL(2)** keeping this fixed.
This subgroup is generated by the —1 eigenspace of the involution

T# =TTy, (A.9)
This eigenspace is spanned by the 12 generators
kp = En — Fy, k91 = EQr 4 pQr kP' = gP' 4 pP (A.10)
while the +1 eigenspace is spanned by

Hy, pa=Ep+Fy, p? =EQ _pQ_ P — pP' _pP' (A1)
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To see that this indeed realizes a 5[2X4 ® (2,2,2,2) split define[119, 120]

H =1/2
Hy = 1/2(k9 + k91 — k92 — 93),
Hz =1/2(k9 — le k92 — k93,
Hy=1/2(k9% — k9 — k92 4 @3),
Ey=1/4

E3:1/4 ko + k1 — k2+k3—kpl
E4:1/4 ko—l-kl-i-kg—kg—kp

Fy=1/4(ko — k1 — ko — ks + kT + kP +

Fy=1/4
Fy=1/4
Fy=1/4

ko — ki 4 ko — kg — kP &

One easily verifies that

[Hj,Ej) =2E,;, [H; Fj]=-2F),

LQ4 _ Q1 _ Q2 _ kQ3),

(=

(

(

(

(— k0+k1+k2+k3+kp + kP 4
By = 1/4(ky — k1 + ko + ks + k¥ — k7 —

(

(

(

(-

(-

(-

ko+k1 — ko — ks + kT —

ko — k1 — k2—|—/{73—/€P—

+k
k

k:P3 + 1P,

+ &P,
kp4) (A.12)
P3 + k’P )7
4

)

P3+k‘P

_ kPS + ij4)
_ kPS + ij4)
+ kP kP,

[E,,Fy] = Hy, (A.13)

with J = 1,..,4 and all other commutators vanishing. We can write an
element of the +1 eigenspace of # in terms of four qubit amplitudes ;
transforming as in (A.6) under this new SL(2)*%. It reads explicitly as

=0y Hy+ Ty pr + U0, 0% + Tpip”, (A.14)
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V1, = o001 + %0010 + o100 — Po111 — Y1000 + Y1011 + Y1101 + Y1110,
VU, = o001 + %0010 — o100 + Yo111 + Y1000 — Y1011 + Y1101 + Y1110,
V1, = o001 — %0010 + o100 + Po111 + Y1000 + Y1011 — Y1101 + Y1110,
U g, = —booo1 + Yoo + Yo00 + Yo111 + Y1000 + Y1011 + Y1101 — Y1110,
Wy, = —oo00 + Poo11 + Yoot + o110 — Pro01 — Y1010 — Y1100 + Y1111,
Wy, = —to000 + Yoo11 — Yot01 — Po110 + Y1001 + Y1010 — Y1100 + Y111,
W, = —whoooo — Yoo11 + Yoot — Yo110 + Y1001 — Y1010 + Y1100 + Y1111,
Wy, = —woo00 — Yoo11 — Yoro1 + Yo110 — Y1001 + Y1010 + Y100 + Y1111,
Vg, =2 (Yo100 — Y1011) ,

Vg, = 2 (Yoor0 — P1101)

U, = 2 (thooor — ¥1110)
Vg, = 2(t1000 — to111),
U p1 = o000 + Yoo11 — o101 — Por10 — Y1001 — Yro10 + Y1100 + Y1111,
U p2 = 1ooo0 — Yoo11 + Yoto1 — Yor10 — Y1001 + Y1010 — Y1100 + Y1111,
W ps = o000 — Yoo11 — Yot01 + Po110 + Y1001 — Y1010 — Y1100 + Y1111,

U ps = —to000 — Poo11 — Yo101 — Po110 — Y1001 — Y1010 — Y1100 — Y1111-
(A.15)

Note that the SL(2)** invariant Tr¥? is a quadratic measure of four qubit
entanglement[30].

)

I

A.1.3 The third split

The previous two splits are related by triality of so(4,4) and hence there
must be one more inequivalent splitting of the algebra. Indeed this split is
given by the £1 eigenspaces of the involution

T — Ty, (A.16)

where
nF(e%e 6(296), (A.17)
where ¢ = < _01 é > The —1 eigenspace is 12 dimensional and spans 5[54

algebra. The +1 eigenspace forms the representation (2,2, 2, 2) under this.
We do not need this split in the following hence we omit the explicit form
of the generators.

A.2 Lie algebra of E;

We will use the symmetric space splitting

e7 = slg @ A*CS, (A.18)
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to describe the Lie algebra of E7, following [70]. Recall that this splitting
plays a key role in finding the SLOCC classification of four fermions with
four single particle states, see section 3.6. According to this splitting, we
parametrize an element 7" € ¢7 by the pair

T = (A"}, Siju), A'i=0, (A.19)

where ¥, totaly antisymmetric and the indices can take eight values. The
commutation relations of the algbra are given explicitly as

15 = [Th, T»], (A.20)
where
Ag'y = [Ar, Aol = (S Sagmy — 5" S pim;)

Y3ijr = 4" [ B2jknm — A2 121 jkim)-

(A.21)

. . ikl _ 1 _ijkl
Here, the brackets denote antisymmetrization and *¥'"" = 53 ™*mnoPy, ).

A2.1 The56of E,

The fundamental 56 dimensional representation of E7 is conveniently de-
scribed by a pair of antisymmetric 8 x 8 matrixes (2, y;;). The generator T
acts in this representation via

ij oAl 51] L Kkl
T< . ) - Ll ; < v ) (A.22)
Yij Skl —2A[k[i5j] Ykl

The Killing form of e7 agrees with the trace of the product of generators in
its fundamental. It reads as

K(Tl, TQ) = TI‘(Tsz) = 12A1ikA2ki + ZElijkl*ZgiW. (A23)

To express the representative of the coset Fr7)/SU(8) we borrow the
basis used by [79]. We set

) . 1 .
Go" = (A5,0), (AP, =0L08 — =600,

bed | b)d | b)dj ][a b8 bd]] (A2
G = (0,277, (BVijm =4; 0]056; ",

and then define
B/ =G, E=-12G"" D;=Gf H=> (‘fj + 5) Gy,
j=1
where the indices ¢, j only take the first 7 values and

f] = (07 . 07 (10 — j)3j7 Sj+17 (XS] 87)7
j—1
j—
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ﬁ = 3(81, 82y uny 87)7

92 (A.26)
(10 —4)(9 — i)’
This is the basis used in e.q. (4.123)

S; =



129

Bibliography

[P.1]

[P.2]

[P.3]

[P.4]

[P.5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

Péter Lévay and Gabor Sérosi. “Hitchin functionals are related to
measures of entanglement”. In: Phys. Rev. D86 (2012), p. 105038. DOTI:
10.1103/PhysRevD.86.105038. arXiv: 1206.5066 [hep-th].

Gabor Sédrosi and Péter Lévay. “Entanglement in fermionic Fock space”.
In: Journal of Physics A: Mathematical and Theoretical 47.11 (2014), p. 115304.
DOI: 10.1088/1751-8113/47/11/115304. arXiv: 1309.4300
[quant-ph].

Gabor Sarosi and Péter Lévay. “Entanglement classification of three
fermions with up to nine single-particle states”. In: Physical Review
A 89.4 (2014), p. 042310. DOI: 10.1103/PhysRevA.89.042310.
arXiv: 1312.2786 [quant-ph].

Gabor Sarosi and Péter Lévay. “Coffman-Kundu-Wootters inequal-
ity for fermions”. In: Physical Review A 90.5 (2014), p. 052303. DOI:
10.1103/PhysRevA.90.052303.arXiv:1408.6735 [quant-ph].

Gabor Sérosi. “Entropy of nonextremal STU black holes: The F-invariant
unveiled”. In: Phys. Rev. D93.2 (2016), p. 024036. DOI: 10 . 1103/
PhysRevD.93.024036. arXiv: 1508.06667 [hep-th].

Jacob D. Bekenstein. “Black holes and entropy”. In: Phys. Rev. D7
(1973), pp. 2333-2346. DOI: 10.1103/PhysRevD.7.2333.

James M. Bardeen, B. Carter, and S. W. Hawking. “The Four laws of
black hole mechanics”. In: Commun. Math. Phys. 31 (1973), pp. 161-
170. DOI: 10.1007/BF01645742.

S. W. Hawking. “Particle Creation by Black Holes”. In: Commun.
Math. Phys. 43 (1975). [,167(1975)], pp. 199-220. DOI: 10 . 1007 /
BF02345020.

S. W. Hawking. “Breakdown of Predictability in Gravitational Col-
lapse”. In: Phys. Rev. D14 (1976), pp. 2460-2473. DOL: 10 . 1103/
PhysRevD.14.2460.

Andrew Strominger and Cumrun Vafa. “Microscopic Origin of the
Bekenstein-Hawking Entropy”. In: Phys. Lett. B379 (1996), pp. 99—
104. DOI: 10.1016/0370-2693(96) 00345-0. arXiv: hep—-th/
960102¢9.

Ahmed Almbheiri et al. “Black Holes: Complementarity or Firewalls?”
In: JHEP 02 (2013), p. 062. DOI: 10 . 1007 / JHEP02 (2013 ) 062.
arXiv: 1207.3123 [hep-th].

Juan Maldacena and Leonard Susskind. “Cool horizons for entan-
gled black holes”. In: Fortsch. Phys. 61 (2013), pp. 781-811. DOI: 10.
1002/prop.201300020. arXiv: 1306.0533 [hep-th].


http://dx.doi.org/10.1103/PhysRevD.86.105038
http://arxiv.org/abs/1206.5066
http://dx.doi.org/10.1088/1751-8113/47/11/115304
http://arxiv.org/abs/1309.4300
http://arxiv.org/abs/1309.4300
http://dx.doi.org/10.1103/PhysRevA.89.042310
http://arxiv.org/abs/1312.2786
http://dx.doi.org/10.1103/PhysRevA.90.052303
http://arxiv.org/abs/1408.6735
http://dx.doi.org/10.1103/PhysRevD.93.024036
http://dx.doi.org/10.1103/PhysRevD.93.024036
http://arxiv.org/abs/1508.06667
http://dx.doi.org/10.1103/PhysRevD.7.2333
http://dx.doi.org/10.1007/BF01645742
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1007/BF02345020
http://dx.doi.org/10.1103/PhysRevD.14.2460
http://dx.doi.org/10.1103/PhysRevD.14.2460
http://dx.doi.org/10.1016/0370-2693(96)00345-0
http://arxiv.org/abs/hep-th/9601029
http://arxiv.org/abs/hep-th/9601029
http://dx.doi.org/10.1007/JHEP02(2013)062
http://arxiv.org/abs/1207.3123
http://dx.doi.org/10.1002/prop.201300020
http://dx.doi.org/10.1002/prop.201300020
http://arxiv.org/abs/1306.0533

130 BIBLIOGRAPHY

[13] Mark Van Raamsdonk. “Building up spacetime with quantum en-
tanglement”. In: Gen. Rel. Grav. 42 (2010). [Int. ]. Mod. Phys.D19,2429(2010)],
pp. 2323-2329. DOI: 10.1007/s10714-010-1034-0,10.1142/
$0218271810018529. arXiv: 1005.3035 [hep-th].

[14] Michael ] Duff. “String triality, black hole entropy, and Cayley?s hy-
perdeterminant”. In: Physical Review D 76.2 (2007), p. 025017. DOI:
10.1103/PhysRevD. 76 .025017. arXiv: hep-th /0601134
[hep—-th].

[15] Peter Levay. “Qubits from extra dimensions”. In: Phys. Rev. D84
(2011), p. 125020. DOL: 10.1103/PhysRevD. 84 .125020. arXiv:
1109.0361 [hep-th].

[16] Mikio Sato, Tatsuo Kimura, et al. “A classification of irreducible pre-
homogeneous vector spaces and their relative invariants”. In: Nagoya
Math. ] 65.1 (1977), p. 155.

[17] Isamu Imahori. “Clifford algebras and geometry of entanglement”.
University of Tasmania, 2008.

[18] Gary T. Horowitz, David Anthony Lowe, and Juan Martin Malda-
cena. “Statistical entropy of nonextremal four-dimensional black holes
and U duality”. In: Phys. Rev. Lett. 77 (1996), pp. 430-433. DOI: 10 .
1103/PhysRevLett.77.430.arXiv:hep-th/9603195 [hep-th].

[19] Claude Chevalley. The Algebraic Theory of Spinors and Clifford Alge-
bras: Collected Works. Vol. 2. Springer Science & Business Media, 1996.

[20] Péter Lévay and Péter Vrana. “Three fermions with six single-particle
states can be entangled in two inequivalent ways”. In: Physical Re-
view A 78.2 (2008), p. 022329. DOI: 10 . 1103 / PhysRevA . 78 .
022329.arXiv: 0806.4076 [quant-ph].

[21] David DK Chow and Geoffrey Compere. “Seed for general rotating
non-extremal black holes of N' = 8 supergravity”. In: Classical and
quantum gravity 31.2 (2014), p. 022001. DO1: 10.1088/0264-9381/
31/2/022001.arXiv: 1310.1925 [hep-th].

[22] David DK Chow and Geoffrey Compere. “Black holes in N= 8 su-
pergravity from SO (4, 4) hidden symmetries”. In: Physical Review
D 90.2 (2014), p. 025029. DOI: 10 .1103/PhysRevD. 90.025029.
arXiv: 1404.2602 [hep-th].

[23] Leron Borsten et al. “Four-qubit entanglement classification from
string theory”. In: Physical review letters 105.10 (2010), p. 100507. DOTI:
10.1103/PhysRevLett.105.100507.arXiv:1005.4915 [hep—-th].

[24] Michael A Nielsen and Isaac L Chuang. Quantum computation and
quantum information. Cambridge university press, 2010.

[25] William K Wootters. “Entanglement of formation and concurrence.”
In: Quantum Information & Computation 1.1 (2001), pp. 27—44.

[26] William K Wootters. “Entanglement of formation of an arbitrary state
of two qubits”. In: Physical Review Letters 80.10 (1998), p. 2245. arXiv:
quant-ph/9709029 [quant-ph].

[27] Valerie Coffman, Joydip Kundu, and William K Wootters. “Distributed
entanglement”. In: Physical Review A 61.5 (2000), p. 052306. DOI: 10 .
1103/PhysRevA.61.052306.arXiv: quant-ph/9907047 [quant—-ph].


http://arxiv.org/abs/1005.3035
http://dx.doi.org/10.1103/PhysRevD.76.025017
http://arxiv.org/abs/hep-th/0601134
http://arxiv.org/abs/hep-th/0601134
http://dx.doi.org/10.1103/PhysRevD.84.125020
http://arxiv.org/abs/1109.0361
http://dx.doi.org/10.1103/PhysRevLett.77.430
http://dx.doi.org/10.1103/PhysRevLett.77.430
http://arxiv.org/abs/hep-th/9603195
http://dx.doi.org/10.1103/PhysRevA.78.022329
http://dx.doi.org/10.1103/PhysRevA.78.022329
http://arxiv.org/abs/0806.4076
http://dx.doi.org/10.1088/0264-9381/31/2/022001
http://dx.doi.org/10.1088/0264-9381/31/2/022001
http://arxiv.org/abs/1310.1925
http://dx.doi.org/10.1103/PhysRevD.90.025029
http://arxiv.org/abs/1404.2602
http://dx.doi.org/10.1103/PhysRevLett.105.100507
http://arxiv.org/abs/1005.4915
http://arxiv.org/abs/quant-ph/9709029
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://dx.doi.org/10.1103/PhysRevA.61.052306
http://arxiv.org/abs/quant-ph/9907047

BIBLIOGRAPHY 131

[28] C Le Paige. “Sur les formes trilinéaires”. In: CR Acad. Sci. Paris 92
(1881), pp. 1103-1105.

[29] Wolfgang Diir, Guifre Vidal, and ] Ignacio Cirac. “Three qubits can
be entangled in two inequivalent ways”. In: Physical Review A 62.6
(2000), p. 062314. arXiv: quant-ph/0005115 [quant-ph].

[30] Frank Verstraete et al. “Four qubits can be entangled in nine dif-

ferent ways”. In: Physical Review A 65.5 (2002), p. 052112. DOI: 10 .
1103/PhysRevA.65.052112.arXiv: quant—-ph/0109033 [quant-ph].

[31] Lin Chen etal. “Four-qubit pure states as fermionic states”. In: Physi-
cal Review A 88.5 (2013), p. 052309. arXiv: 1309.0791v1 [quant-ph].

[32] Murray R Bremner and Jiaxiong Hu. “The fundamental invariants
of 3x 3x 3 arrays”. In: arXiv preprint arXiv:1112.2949 (2011). arXiv:
1112.2949 [math.AC].

[33] Horacio Casini, Marina Huerta, and Jose Alejandro Rosabal. “Re-
marks on entanglement entropy for gauge fields”. In: Phys. Rev. D89.8
(2014), p. 085012. DOI: 10 .1103/PhysRevD.89.085012. arXiv:
1312.1183 [hep-th].

[34] N Gigena and R Rossignoli. “Entanglement in fermion systems”.
In: Physical Review A 92.4 (2015), p. 042326. arXiv: 1509 . 05970
[quant-ph].

[35] Jun-ichiIgusa. “A classification of spinors up to dimension twelve”.
In: American Journal of Mathematics 92.4 (1970), pp. 997-1028.

[36] ShigeruMukai. “Symplectic structure of the moduli space of sheaves
on an abelian or K3 surface”. In: [nventiones mathematicae 77.1 (1984),
pp- 101-116.

[37] Roger Penrose, Wolfgang Rindler, and Joshua N Goldberg. “Spinors
and Space-Time, Volume I: Two-Spinor Calculus and Relativistic Fields”.
In: Physics Today 39 (1986), p. 72.

[38] Alex Kasman et al. “Universality of rank 6 Pliicker relations and
Grassmann cone preserving maps”. In: Proceedings of the American
Mathematical Society 136.1 (2008), pp. 77-87.

[39] Andrzej Trautman and Krzysztof Trautman. “Generalized pure spinors”.
In: Journal of Geometry and Physics 15.1 (1994), pp. 1-22.

[40] Philip Charlton. The geometry of pure spinors, with applications. Uni-
versity of Newcastle, 1997.

[41] K Eckert et al. “Quantum correlations in systems of indistinguish-
able particles”. In: Annals of Physics 299.1 (2002), pp. 88-127. arXiv:
quant-ph/0203060 [quant-ph].

[42] John Schliemann et al. “Quantum correlations in two-fermion sys-
tems”. In: Physical Review A 64.2 (2001), p. 022303. arXiv: quant -
ph/0012094 [quant-ph].

[43] Péter Vrana and Péter Lévay. “Special entangled quantum systems
and the Freudenthal construction”. In: Journal of Physics A: Math-
ematical and Theoretical 42.28 (2009), p. 285303. arXiv: 0902 . 2269
[quant-ph].


http://arxiv.org/abs/quant-ph/0005115
http://dx.doi.org/10.1103/PhysRevA.65.052112
http://dx.doi.org/10.1103/PhysRevA.65.052112
http://arxiv.org/abs/quant-ph/0109033
http://arxiv.org/abs/1309.0791v1
http://arxiv.org/abs/1112.2949
http://dx.doi.org/10.1103/PhysRevD.89.085012
http://arxiv.org/abs/1312.1183
http://arxiv.org/abs/1509.05970
http://arxiv.org/abs/1509.05970
http://arxiv.org/abs/quant-ph/0203060
http://arxiv.org/abs/quant-ph/0012094
http://arxiv.org/abs/quant-ph/0012094
http://arxiv.org/abs/0902.2269
http://arxiv.org/abs/0902.2269

132 BIBLIOGRAPHY

[44] Péter Lévay and Frédéric Holweck. “Embedding qubits into fermionic
Fock space: Peculiarities of the four-qubit case”. In: Physical Review
D 91.12 (2015), p. 125029. arXiv: 1502.04537 [quant-ph].

[45] John Schliemann, Daniel Loss, and AH MacDonald. “Double-occupancy
errors, adiabaticity, and entanglement of spin qubits in quantum
dots”. In: Physical Review B 63.8 (2001), p. 085311. arXiv: cond-mat /
0009083 [cond—mat].

[46] Markus Fierz. “Zur Fermischen theorie des §-zerfalls”. In: Zeitschrift
fiir Physik 104.7-8 (1937), pp. 553-565.

[47] A John Coleman. “Structure of fermion density matrices”. In: Re-
views of modern Physics 35.3 (1963), p. 668.

[48] RE Borland and K Dennis. “The conditions on the one-matrix for
three-body fermion wavefunctions with one-rank equal to six”. In:
Journal of Physics B: Atomic and Molecular Physics 5.1 (1972), p. 7.

[49] Vladimir Leonidovich Popov. “Classification of spinors of dimen-
sion fourteen”. In: Trans. Mosc. Math. Soc 1 (1980), pp. 181-232.

[50] W Reichel. “Uber die trilinearen alternierenden Formen in 6 und 7
Veranderlichen”. PhD thesis. Dissertation, Greifswald, 1907.

[51] Grigorii Gurevich. Foundations of the theory of algebraic invariants. P.
Noordhoff, 1964.

[652] L. V. Antonyan and A. G. Elashvili. “Classification of spinors in di-
mension sixteen”. In: Trudy Tbiliss. Mat. Inst. Razmadze Akad. Nauk
Gruzin. SSR 70 (1982), pp. 4-23.

[53] David H Collingwood and William M McGovern. Nilpotent orbits in
semisimple Lie algebra: an introduction. CRC Press, 1993.

[54] AA Katanova. “Explicit form of certain multivector invariants”. In:
Lie groups, their discrete subgroups, and invariant theory, Adv. Soviet
Math 8 (1992), pp. 87-93.

[65] L. V. Antonyan. In: Trudy Sem. Vekt. Tenz. Analizu (1981), p. 144.

[56] Oleg Chterental and Dragomir Z Djokovic. “Normal forms and ten-
sor ranks of pure states of four qubits”. In: (). arXiv: quant —ph/
0612184 [quant-ph].

[57] Ernest B Vinberg and AG Ehlahvili. “Classification of trivectors of a
9-dimensional space”. In: Sel. Math. Sov 7.1 (1988), pp. 137-156.

[58] G. V. Egorov. In: Yaroslav. Gos. Univ., Yaroslavl, (1981), pp. 123-132.

[59] A.B. Nurmiev. In: Sb. Math. 191.5-6 (2000), pp. 717-724.

[60] A.G.Nurmiev. In: Uspekhi Mat, Nauk 55.2(332) (2000), pp. 143-144.

[61] Emmanuel Briand et al. “The moduli space of three-qutrit states”.
In: Journal of mathematical physics 45.12 (2004), pp. 4855-4867.

[62] Murray Bremner, Jiaxiong Hu, and Luke Oeding. “The 3x 3x 3 Hy-
perdeterminant as a Polynomial in the Fundamental Invariants for
SLs x SLg x SL3”. In: Mathematics in Computer Science 8.2 (2014),
pp- 147-156. arXiv: 1310.3257 [math.AG].

[63] Alexander A Klyachko. “Quantum marginal problem and N-representability”.

7

In: Journal of Physics: Conference Series. Vol. 36. 1. IOP Publishing.
2006, p. 72. arXiv: quant-ph/0511102 [quant-ph].


http://arxiv.org/abs/1502.04537
http://arxiv.org/abs/cond-mat/0009083
http://arxiv.org/abs/cond-mat/0009083
http://arxiv.org/abs/quant-ph/0612184
http://arxiv.org/abs/quant-ph/0612184
http://arxiv.org/abs/1310.3257
http://arxiv.org/abs/quant-ph/0511102

BIBLIOGRAPHY 133

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

Alexander A Klyachko. “The Pauli exclusion principle and beyond”.
In: (2009). arXiv: 0904.2009 [quant-ph].

Christian Schilling, David Gross, and Matthias Christandl. “Pinning
of fermionic occupation numbers”. In: Physical review letters 110.4
(2013), p. 040404. arXiv: 1210.5531 [quant-ph].

Carlos L Benavides-Riveros, José M Gracia-Bondia, and Michael Spring-
borg. “Quasipinning and entanglement in the lithium isoelectronic
series”. In: Physical Review A 88.2 (2013), p. 022508. arXiv: 1306 .
6528 [quant-ph].

E Cremmer et al. “Vector multiplets coupled to N= 2 supergravity:
Super-Higgs effect, flat potentials and geometric structure”. In: Nu-
clear Physics B 250.1 (1985), pp. 385—426. DOI: 10 . 1016 / 0550 —
3213 (85)90488-2.

Michael ] Duff, James T Liu, and ] Rahmfeld. “Four-dimensional
string /string /string triality”. In: Nuclear Physics B 459.1 (1996), pp. 125—
159. DOI: 10.1016/0550-3213(95) 00555~ 2. arXiv: hep-th/
9508094 [hep-th].

Mirjam Cveti¢ and Christopher M Hull. “Black holes and U-duality”.
In: Nuclear Physics B 480.1 (1996), pp. 296-316. DO1: 10.1016/5S0550—
3213(96)00449-X. arXiv: hep-th/9606193 [hep-th].

Eugene Cremmer and Bernard Julia. “The SO (8) supergravity”. In:
Nuclear Physics B 159.1 (1979), pp. 141-212. DOI: 10.1016/0550 -
3213(79)90331-6.

E Cremmer and B Julia. “The N= 8 supergravity theory. I. The la-
grangian”. In: Physics Letters B 80.1-2 (1978), pp. 48-51.

Peter Breitenlohner, Dieter Maison, and Gary Gibbons. “4-dimensional
black holes from Kaluza-Klein theories”. In: Communications in Math-
ematical Physics 120.2 (1988), pp. 295-333. DOI: 10.1007/BF01217967.

E Bergshoeff et al. “Generating geodesic flows and supergravity so-
lutions”. In: Nuclear Physics B 812.3 (2009), pp. 343—401. DOI: 10 .
1016/j.nuclphysb.2008.10.023.arXiv: 0806.2310 [hep—-th].

Guillaume Bossard, Yann Michel, and Boris Pioline. “Extremal black
holes, nilpotent orbits and the true fake superpotential”. In: JHEP 01
(2010), p. 038. DOI: 10.1007 /JHEPO1 (2010) 038. arXiv: 0908 .
1742 [hep-th].

Lisa Carbone, Scott Murray, and Hisham Sati. “Integral group ac-
tions on symmetric spaces and discrete duality symmetries of su-
pergravity theories”. In: (2014). arXiv: 1407.3370 [hep-th].

M Demianski and Ezra T Newman. Combined Kerr-NUT solution of
the Einstein field equations. Tech. rep. Univ.,, Warsaw. Univ. of Pitts-
burgh, 1966.

J. Polchinski. String theory. Vol. 2: Superstring theory and beyond. Cam-
bridge University Press, 2007. 1SBN: 9780511252280, 9780521633048,
9780521672283.


http://arxiv.org/abs/0904.2009
http://arxiv.org/abs/1210.5531
http://arxiv.org/abs/1306.6528
http://arxiv.org/abs/1306.6528
http://dx.doi.org/10.1016/0550-3213(85)90488-2
http://dx.doi.org/10.1016/0550-3213(85)90488-2
http://dx.doi.org/10.1016/0550-3213(95)00555-2
http://arxiv.org/abs/hep-th/9508094
http://arxiv.org/abs/hep-th/9508094
http://dx.doi.org/10.1016/S0550-3213(96)00449-X
http://dx.doi.org/10.1016/S0550-3213(96)00449-X
http://arxiv.org/abs/hep-th/9606193
http://dx.doi.org/10.1016/0550-3213(79)90331-6
http://dx.doi.org/10.1016/0550-3213(79)90331-6
http://dx.doi.org/10.1007/BF01217967
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.023
http://dx.doi.org/10.1016/j.nuclphysb.2008.10.023
http://arxiv.org/abs/0806.2310
http://dx.doi.org/10.1007/JHEP01(2010)038
http://arxiv.org/abs/0908.1742
http://arxiv.org/abs/0908.1742
http://arxiv.org/abs/1407.3370

134 BIBLIOGRAPHY

[78] Laura Andrianopoli, Antonio Gallerati, and Mario Trigiante. “On
extremal limits and duality orbits of stationary black holes”. In: Jour-
nal of High Energy Physics 2014.1 (2014), pp. 1-28. DOI: 10 .1007 /
JHEPO1 (2014) 053.arXiv: 1310.7886 [hep-th].

[79] G. Compere and V. Lekeu. “Ey7(7) invariant non-extremal entropy”.
In: JHEP 01 (2016), p. 095. DOI: 10 . 1007 / JHEPO1 (2016 ) 095.
arXiv: 1510.03582 [hep-th].

[80] Renata Kallosh and Andrei Linde. “Strings, black holes, and quan-
tum information”. In: Physical Review D 73.10 (2006), p. 104033. DOI:
10.1103/PhysRevD. 73 .104033. arXiv: hep-th /0602061
[hep—-th].

[81] Michael ] Duff and Sergio Ferrara. “E 7 and the tripartite entangle-
ment of seven qubits”. In: Physical Review D 76.2 (2007), p. 025018.
DOI: 10.1103/PhysRevD.76.025018. arXiv: hep—-th/0609227
[hep—-th].

[82] Dean Rasheed. “The rotating dyonic black holes of Kaluza-Klein the-
ory”. In: Nuclear Physics B 454.1 (1995), pp. 379—401. DOI: 10.1016/
0550-3213(95) 00396-A. arXiv: hep-th/9505038 [hep-th].

[83] Ernesto Lozano-Tellechea and Tomds Ortin. “The general, duality-
invariant family of non-BPS black-hole solutions of N= 4, d= 4 Su-
pergravity”. In: Nuclear Physics B 569.1 (2000), pp. 435-450. DOI: 10.
1016/5S0550~-3213(99) 00762~ 2. arXiv: hep-th/ 9910020
[hep—-th].

[84] Mirjam Cveti¢ and Finn Larsen. “Black holes with intrinsic spin”.
In: Journal of High Energy Physics 2014.11 (2014), pp. 1-32. DOI: 10.
1007/JHEP11 (2014)033.arXiv: 1406.4536 [hep—-th].

[85] Mirjam Cveti¢ and Donam Youm. “Entropy of nonextreme charged
rotating black holes in string theory”. In: Physical Review D 54.4 (1996),
p- 2612. DOI: 10 . 1103 /PhysRevD . 54 . 2612. arXiv: hep—-th/
9603147 [hep-th].

[86] Alejandra Castro, Alexander Maloney, and Andrew Strominger. “Hid-
den conformal symmetry of the Kerr black hole”. In: Physical Review
D 82.2 (2010), p. 024008. DOI: 10.1103/PhysRevD.82.024008.
arXiv: 1004.0996 [hep-th].

[87] Guillaume Bossard and Clement Ruef. “Interacting non-BPS black
holes”. In: Gen. Rel. Grav. 44 (2012), pp. 21-66. DOI: 10 . 1007 /
s10714-011-1256-9.arXiv: 1106.5806 [hep—-th].

[88] L Borsten, MJ Duff, and P Levay. “The black-hole/qubit correspon-
dence: an up-to-date review”. In: Class. Quant. Grav. 29 (2012), p. 224008.
DOI: 10.1088/0264-9381/29/22/224008. arXiv: 1206.3166
[hep—-th].

[89] Renata Kallosh, Navin Sivanandam, and Masoud Soroush. “The non-
BPS black hole attractor equation”. In: Journal of High Energy Physics
2006.03 (2006), p- 060. DOI: 10.1088/1126-6708/2006/03/060.
arXiv: hep-th/0602005 [hep-th].


http://dx.doi.org/10.1007/JHEP01(2014)053
http://dx.doi.org/10.1007/JHEP01(2014)053
http://arxiv.org/abs/1310.7886
http://dx.doi.org/10.1007/JHEP01(2016)095
http://arxiv.org/abs/1510.03582
http://dx.doi.org/10.1103/PhysRevD.73.104033
http://arxiv.org/abs/hep-th/0602061
http://arxiv.org/abs/hep-th/0602061
http://dx.doi.org/10.1103/PhysRevD.76.025018
http://arxiv.org/abs/hep-th/0609227
http://arxiv.org/abs/hep-th/0609227
http://dx.doi.org/10.1016/0550-3213(95)00396-A
http://dx.doi.org/10.1016/0550-3213(95)00396-A
http://arxiv.org/abs/hep-th/9505038
http://dx.doi.org/10.1016/S0550-3213(99)00762-2
http://dx.doi.org/10.1016/S0550-3213(99)00762-2
http://arxiv.org/abs/hep-th/9910020
http://arxiv.org/abs/hep-th/9910020
http://dx.doi.org/10.1007/JHEP11(2014)033
http://dx.doi.org/10.1007/JHEP11(2014)033
http://arxiv.org/abs/1406.4536
http://dx.doi.org/10.1103/PhysRevD.54.2612
http://arxiv.org/abs/hep-th/9603147
http://arxiv.org/abs/hep-th/9603147
http://dx.doi.org/10.1103/PhysRevD.82.024008
http://arxiv.org/abs/1004.0996
http://dx.doi.org/10.1007/s10714-011-1256-9
http://dx.doi.org/10.1007/s10714-011-1256-9
http://arxiv.org/abs/1106.5806
http://dx.doi.org/10.1088/0264-9381/29/22/224008
http://arxiv.org/abs/1206.3166
http://arxiv.org/abs/1206.3166
http://dx.doi.org/10.1088/1126-6708/2006/03/060
http://arxiv.org/abs/hep-th/0602005

BIBLIOGRAPHY 135

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

Kevin Goldstein et al. “Non-supersymmetric attractors”. In: Physi-
cal Review D-Particles, Fields, Gravitation and Cosmology 72.12 (2005),
124021_1-124021_24.DOI: 10.1103/PhysRevD.72.124021. arXiv:
hep-th/0507096 [hep-th].

Sergio Ferrara, Renata Kallosh, and Andrew Strominger. “N=2 ex-
tremal black holes”. In: Phys. Rev. D52 (1995), pp. 5412-5416. DOI:
10.1103/PhysRevD.52.R5412.arXiv:hep—-th/9508072 [hep-th].

Sergio Ferrara and Renata Kallosh. “Supersymmetry and attractors”.
In: Phys. Rev. D54 (1996), pp. 1514-1524. DOI: 10.1103/PhysRevD.
54.1514. arXiv: hep—-th/9602136 [hep-th].

Peter Levay. “Stringy black holes and the geometry of entangle-
ment”. In: Phys. Rev. D74 (2006), p. 024030. DOI1: 10.1103/PhysRevD.
74.024030. arXiv: hep—-th/0603136 [hep-th].

Peter Levay and Szilard Szalay. “The attractor mechanism as a dis-
tillation procedure”. In: Phys. Rev. D82 (2010), p. 026002. DOI: 10 .
1103/PhysRevD.82.026002.arXiv: 1004.2346 [hep-th].

Juan Martin Maldacena and Andrew Strominger. “Statistical entropy
of four-dimensional extremal black holes”. In: Phys. Rev. Lett. 77 (1996),
pp- 428-429. DOI: 10.1103/PhysRevLett.77.428. arXiv: hep-
th/9603060 [hep-th].

Robbert Dijkgraaf et al. “Topological M-theory as unification of form
theories of gravity”. In: Adv. Theor. Math. Phys. 9.4 (2005), pp. 603—
665. DOI: 10 .4310/ATMP . 2005.v9.n4 . a5. arXiv: hep—-th/
0411073 [hep-th].

Nigel Hitchin et al. “The geometry of three-forms in six dimensions”.
In: Journal of Differential Geometry 55.3 (2000), pp. 547-576.

Nigel Hitchin. “Stable forms and special metrics”. In: Contemporary
mathematics 288 (2001), pp. 70-89.

Nigel Hitchin. “Generalized Calabi-Yau manifolds”. In: The Quar-
terly Journal of Mathematics 54.3 (2003), pp. 281-308.

Shing-Tung Yau. “Calabi’s conjecture and some new results in alge-
braic geometry”. In: Proceedings of the National Academy of Sciences
74.5 (1977), pp. 1798-1799.

Shing-Tung Yau. “On the ricci curvature of a compact kdhler man-
ifold and the complex monge-ampére equation, I”. In: Communica-
tions on pure and applied mathematics 31.3 (1978), pp. 339—-411.

Sergio Ferrara, Gary W. Gibbons, and Renata Kallosh. “Black holes
and critical points in moduli space”. In: Nucl. Phys. B500 (1997),
pp- 75-93. DOI: 10 .1016/S0550—-3213(97) 00324 — 6. arXiv:
hep-th/9702103 [hep-th].

Davide Gaiotto, Andrew Strominger, and Xi Yin. “New Connections
Between 4D and 5D Black Holes”. In: JHEP 02 (2006), p. 024. arXiv:
hep-th/0503217.

Nigel Hitchin. “Lectures on generalized geometry”. In: (2010). arXiv:
1008.0973.

Marco Gualtieri. “Generalized complex geometry”. In: (2004). arXiv:
math/0401221.


http://dx.doi.org/10.1103/PhysRevD.72.124021
http://arxiv.org/abs/hep-th/0507096
http://dx.doi.org/10.1103/PhysRevD.52.R5412
http://arxiv.org/abs/hep-th/9508072
http://dx.doi.org/10.1103/PhysRevD.54.1514
http://dx.doi.org/10.1103/PhysRevD.54.1514
http://arxiv.org/abs/hep-th/9602136
http://dx.doi.org/10.1103/PhysRevD.74.024030
http://dx.doi.org/10.1103/PhysRevD.74.024030
http://arxiv.org/abs/hep-th/0603136
http://dx.doi.org/10.1103/PhysRevD.82.026002
http://dx.doi.org/10.1103/PhysRevD.82.026002
http://arxiv.org/abs/1004.2346
http://dx.doi.org/10.1103/PhysRevLett.77.428
http://arxiv.org/abs/hep-th/9603060
http://arxiv.org/abs/hep-th/9603060
http://dx.doi.org/10.4310/ATMP.2005.v9.n4.a5
http://arxiv.org/abs/hep-th/0411073
http://arxiv.org/abs/hep-th/0411073
http://dx.doi.org/10.1016/S0550-3213(97)00324-6
http://arxiv.org/abs/hep-th/9702103
http://arxiv.org/abs/hep-th/0503217
http://arxiv.org/abs/1008.0973
http://arxiv.org/abs/math/0401221

136 BIBLIOGRAPHY

[106] Mariana Grana et al. “T-duality, Generalized Geometry and Non-
Geometric Backgrounds”. In: JHEP 04 (2009), p. 075. DOI: 10.1088/
1126-6708/2009/04/075.arXiv: 0807.4527 [hep—-th].

[107] C.M. Hull. “A Geometry for non-geometric string backgrounds”. In:
JHEP 10 (2005), p. 065. DOI: 10.1088/1126-6708/2005/10/065.
arXiv: hep-th/0406102 [hep-th].

[108] Chris Hull and Barton Zwiebach. “Double Field Theory”. In: JHEP
09 (2009), p- 099. DOI: 10 .1088/1126-6708/2009/09/099.
arXiv: 0904.4664 [hep-th].

[109] Marcel Vonk. “A Mini-course on topological strings”. In: (2005). arXiv:
hep-th/0504147 [hep-th].

[110] M. Bershadsky et al. “Kodaira-Spencer theory of gravity and exact
results for quantum string amplitudes”. In: Commun. Math. Phys. 165
(1994), pp. 311-428. DOI: 10.1007/BF02099774. arXiv: hep-th/
9309140 [hep-th].

[111] Edward Witten. “Quantum background independence in string the-
ory”. In: Salamfest 1993:0257-275. 1993, pp. 0257-275. arXiv: hep -
th/9306122 [hep-th].

[112] Hirosi Ooguri, Andrew Strominger, and Cumrun Vafa. “Black hole
attractors and the topological string”. In: Phys. Rev. D70 (2004), p. 106007.
DOI: 10.1103/PhysRevD.70.106007. arXiv: hep—th/0405146
[hep—-th].

[113] Vasily Pestun and Edward Witten. “The Hitchin functionals and the
topological B-model at one loop”. In: Lett. Math. Phys. 74 (2005),
pp. 21-51. DOI: 10.1007/s11005-005-0007 - 9. arXiv: hep -
th/0503083 [hep-th].

[114] Frederik Witt. “Generalised G(2) manifolds”. In: Commun. Math. Phys.
265 (2006), pp. 275-303. DOI: 10 .1007/s00220-006-0011~-17.
arXiv:math/0411642 [math-dg].

[115] Jan de Boer, Asad Naqvi, and Assaf Shomer. “The Topological G(2)
string”. In: Adv. Theor. Math. Phys. 12.2 (2008), pp. 243-318. arXiv:
hep-th/0506211 [hep-th].

[116] Jan de Boer et al. “G(2) Hitchin functionals at one loop”. In: Class.
Quant. Grav. 25 (2008), p. 075006. DOI: 10.1088/0264-9381/25/
7/075006.arXiv: 0706.3119 [hep—-th].

[117] C.M. Hull. “Generalised Geometry for M-Theory”. In: JHEP 07 (2007),
p- 079. DOI: 10.1088/1126-6708/2007/07/079. arXiv: hep-
th/0701203 [hep-th].

[118] Paulo Pires Pacheco and Daniel Waldram. “M-theory, exceptional
generalised geometry and superpotentials”. In: JHEP 09 (2008), p. 123.
DOIL: 10.1088/1126-6708/2008/09/123. arXiv: 0804 .1362
[hep—-th].

[119] Despoina Katsimpouri, Axel Kleinschmidt, and Amitabh Virmani.
“An inverse scattering formalism for STU supergravity”. In: Jour-
nal of High Energy Physics 2014.3 (2014), pp. 1-27. DOI: 10 .1007 /
JHEP03(2014)101.arXiv: 1311.7018 [hep—th].


http://dx.doi.org/10.1088/1126-6708/2009/04/075
http://dx.doi.org/10.1088/1126-6708/2009/04/075
http://arxiv.org/abs/0807.4527
http://dx.doi.org/10.1088/1126-6708/2005/10/065
http://arxiv.org/abs/hep-th/0406102
http://dx.doi.org/10.1088/1126-6708/2009/09/099
http://arxiv.org/abs/0904.4664
http://arxiv.org/abs/hep-th/0504147
http://dx.doi.org/10.1007/BF02099774
http://arxiv.org/abs/hep-th/9309140
http://arxiv.org/abs/hep-th/9309140
http://arxiv.org/abs/hep-th/9306122
http://arxiv.org/abs/hep-th/9306122
http://dx.doi.org/10.1103/PhysRevD.70.106007
http://arxiv.org/abs/hep-th/0405146
http://arxiv.org/abs/hep-th/0405146
http://dx.doi.org/10.1007/s11005-005-0007-9
http://arxiv.org/abs/hep-th/0503083
http://arxiv.org/abs/hep-th/0503083
http://dx.doi.org/10.1007/s00220-006-0011-7
http://arxiv.org/abs/math/0411642
http://arxiv.org/abs/hep-th/0506211
http://dx.doi.org/10.1088/0264-9381/25/7/075006
http://dx.doi.org/10.1088/0264-9381/25/7/075006
http://arxiv.org/abs/0706.3119
http://dx.doi.org/10.1088/1126-6708/2007/07/079
http://arxiv.org/abs/hep-th/0701203
http://arxiv.org/abs/hep-th/0701203
http://dx.doi.org/10.1088/1126-6708/2008/09/123
http://arxiv.org/abs/0804.1362
http://arxiv.org/abs/0804.1362
http://dx.doi.org/10.1007/JHEP03(2014)101
http://dx.doi.org/10.1007/JHEP03(2014)101
http://arxiv.org/abs/1311.7018

BIBLIOGRAPHY 137

[120] Souvik Banerjee et al. “Non-supersymmetric microstates of the MSW
system”. In: Journal of High Energy Physics 2014.5 (2014), pp. 1-34.
DOI: 10.1007/JHEPO05(2014) 011.arXiv:1402.4212 [hep-th].


http://dx.doi.org/10.1007/JHEP05(2014)011
http://arxiv.org/abs/1402.4212

	Introduction and conclusion
	Summary of the authors original contribution
	A short review on multipartite entanglement for three qubits
	Bipartite entanglement in two qubit mixed states
	Three qubits
	Stochastic local operations and classical communication


	Entanglement between fermions
	Fermionic states and Clifford algebras
	Entanglement between particles and entanglement between modes
	Entanglement between fermionic modes
	Entanglement between fermionic particles

	SLOCC and extended SLOCC
	SLOCC
	Extended SLOCC
	Pure spinors and Slater determinants

	Covariants and invariants of the extended SLOCC group
	The invariant bilinear product
	The basic covariants
	Coarse graining: nullity and pure index
	Isomorphisms between F- and F+
	Fermions and qudits

	The Hermitian inner product
	Canonical real structure
	Unitary Bogoliubov transformations
	Extended density matrix
	SLOCC covariants and reduced density matrices


	Results on SLOCC classification of certain fermionic systems
	Two and three modes
	Four modes
	Extended SLOCC classification
	SLOCC classification
	Two qubits and the Wootters spin-flip

	Five modes
	Extended SLOCC classification
	SLOCC classification

	Six modes
	Extended SLOCC classification
	SLOCC classification
	Ways of embedding three qubits
	Monogamy and three tangle for three fermions
	Entanglement entropy and entanglement of formation
	Conjugation and the Wootters spin-flip

	Seven modes
	Extended SLOCC classification
	SLOCC classification

	Eight modes
	Extended SLOCC classification
	SLOCC classification
	Four qubits

	Nine modes
	Entanglement of three qutrits

	Outlook
	Pinning of occupation numbers


	Stringy black holes and entanglement
	Single centered black holes and duality invariant entropy formulae
	N=2 supergravity
	Timelike dimensional reduction
	Asymptotic charges
	The action of the U-duality group
	Dealing with scalar asymptotics
	The most general non-extremal single center black hole solution
	The F-invariant
	E7 invariant entropy for black holes in N=8 supergravity
	Relations between scalar charges and physical charges
	Non-extremal special cases
	Extremal limits and the black hole/qubit correspondence
	BPS attractors and the black hole/qubit correspondence

	Hitchin's functionals and measures of entanglement
	Six dimensions
	Seven dimensions
	Generalized geometry
	Generalized Hitchin functionals
	Topological strings
	Topological strings, black holes and generalized Hitchin functionals


	Conventions on some Lie algebras
	Different ways of splitting so(4,4) as sl42(2,2,2,2)
	U-duality split
	Sigma model split
	The third split

	Lie algebra of E7
	The 56 of E7


	Bibliography

